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ABSTRACT OF DISSERTATION
POLYMERIC NANOCOMPOSITE MEMBRANES WITH PHOSPHORENE BASED
PORE FILLERS FOR FOULING CONTROL
ABSTRACT
Phosphorene is a two-dimensional material exfoliated from bulk phosphorus. Specifically,
relevant to the field of membrane science, the band gap of phosphorene provides it with
potential photocatalytic properties, which could be explored in making reactive membranes
able to control the accumulation of compounds on the surface during filtration, or fouling.
Another reason phosphorene is a promising candidate as a membrane material additive is
due to its catalytic properties which can potentially destroy foulants on the membrane
surface.
The first goal of this study was to develop an innovative and robust membrane able to
control and reverse fouling with minimal changes in membrane performance. To this end,
for proof of concept, membranes were embedded with phosphorene. Membrane
modification was verified by the presence of phosphorus on membranes, along with
changes in surface charge, average pore size, and hydrophobicity. After modification,
phosphorene-modified membranes were used to filter methylene blue (MB) under
intermittent ultraviolet light irradiation. Phosphorene-modified and unmodified
membranes displayed similar rejection of MB; however, after reverse-flow filtration was
performed to mimic pure water cleaning, the average recovered flux of phosphorenemodified membranes was four times higher than that of unmodified membranes.
Furthermore, coverage of MB on phosphorene membranes after reverse-flow filtration was
four times lower than that of unmodified membranes, which supported the hypothesis that
phosphorene membranes operated under intermittent ultraviolet irradiation became selfcleaning.
Once it was determined that a successful synthesis of a phosphorene-modified membrane
was possible, the next goal was to characterize structural and morphological changes
arising from the addition of phosphorene to polymeric membranes. Here, phosphorene was
physically incorporated into a blend of polysulfone (PSf) and sulfonated poly ether ether
ketone (SPEEK) dope solution. Protein and dye rejection studies were carried out to
determine the permeability and selectivity of the membranes. Since loss of material
additive during filtration processes is a challenge, the stability of phosphorene
nanoparticles in different environments was also examined. Furthermore, given that
phosphorene is a new material, toxicity studies with a model nematode, Caenorhabditis
elegans, were carried out to provide insight into the biocompatibility and safety of
phosphorene. Results showed that membranes modified with phosphorene displayed a
higher protein rejection but lower flux values. Phosphorene also led to a 70% reduction in
dye fouling after filtration. Additionally, data showed that phosphorene loss was negligible
within the membrane matrix irrespective of the pH environment. Phosphorene caused
toxicity to nematodes in a free form, while no toxicity was observed for membrane
permeates.

After gaining an understanding of the membrane characteristics, phosphorene’s ability to
degrade contaminants was investigated. Nanomaterials with tunable properties show
promise because of their size-dependent electronic structure and controllable physical
properties. The purpose of this portion of the research was to develop and validate
environmentally safe nanomaterial-based approaches for treatment of drinking water
including degradation of per- and polyfluorinated chemicals (PFAS). PFAS are surfactant
chemicals with broad uses that are now recognized as being a significant risk to human
health. They are commonly used in household and industrial products. They are extremely
persistent in the environment because they possess both hydrophobic fluorine-saturated
carbon chains and hydrophilic functional groups, along with being oleophobic. Traditional
drinking water treatment technologies are usually ineffective for the removal of PFAS from
contaminated waters because they are normally present in exiguous concentrations and
have unique properties that make them persistent. Therefore, there is a critical need for
safe and efficient remediation methods for PFAS, particularly in drinking water. The
proposed novel approach has also a potential application for decreasing PFAS background
levels in analytical systems. In this study, a 99% rejection of perfluorooctanoic acid
(PFOA) was attained alongside a 99% removal from the PFOA that accumulated on surface
of the membrane. This was achieved using nanocomposite membranes made of sulfonated
poly ether ether ketone (SPEEK) with two-dimensional phosphorene with pore sizes
smaller than the size of PFOA. To then remove the PFOA that accumulated on the surface
to foul the membranes, these were exposed to ultraviolet (UV) photolysis and liquid
aerobic oxidation.
The last portion of this study investigated the biocidal properties of SPEEK and
phosphorene membranes under an alternating electrical potential. SPEEK and
phosphorene-based membranes were synthesized and analyzed using cross-flow filtration
to determine their biocidal properties. Serratia marcescens was the model bacteria and
filtration was performed under alternating positive and negative voltage bias conditions.
The biofouled membranes were examined for bacteria growth after three days. In the case
of the SPEEK membrane, without voltage, the biofilm covered approximately 60% of the
membrane surface, and under voltage, that decreased to 44%. On the other hand, the
presence of an alternating voltage did not impact the microbial surface coverage on the
phosphorene membranes. It is proposed that because phosphorene membranes were more
hydrophobic and less charged as compared to SPEEK membranes, microbial growth
adhered more strongly to the phosphorene membranes. Therefore, the alternating voltage
was not effective in desorbing the strongly adsorbed biofilm layer from the phosphorene
membranes. On the other hand, the employment of an alternating current on the more
hydrophilic and more negatively charged SPEEK membranes was more effective at
desorbing some of the attached biofilm from the membrane surface.
For the first time, nanocomposite membranes were fabricated using phosphorene. This
opens the field to a new class of potentially reactive membranes, or at the least, easier to
clean membranes. Due to phosphorene’s properties, these membranes have the potential to
be used for multiple purposes, such as compound destruction and self-cleaning membranes
etc. Membrane separations of the future will not favor static membranes, i.e., membranes
that only serve the function of rejecting compounds, since accumulated and potentially
hazardous compounds on the surface will be released on backwash/cleaning water to make
that hazardous and make the membranes hazardous at the time of disposal. Hence, dynamic

self-cleaning membranes that can simultaneously remove compounds and destroy them
provide the field with an alternative.
KEYWORDS: [Nanofiltration membranes, Phosphorene, Perfluorinated Compounds,
Fouling Control, Water Treatment]
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CHAPTER 1. Introduction and Literature Review
1. Introduction and literature review

1.1.

Phosphorene

The use of nanomaterials with tunable optoelectronic properties shows promise for
numerous technologies, such as photovoltaics, transistors, and light-emitting diodes [1-4]
because of their size-dependent electronic structure and controllable physical properties.
Importantly, nanomaterials have versatile morphologies, such as zero dimensional (0D)
nanoparticles, one dimensional (1D) nanowires/rods/belts, two dimensional (2D)
nanosheets/plates and three dimensional (3D) porous frameworks/networks [5]. Two
dimensional nanomaterials can be described as materials that do not require a substrate to
exist and can be isolated as freestanding one atom thick sheets [6]. They are typically
generated from bulk layered crystalline solids[7]. These solids consist of successive layers
of covalently bonded atomic layer planes ranging from one to multiple atoms thick,
separated successively by Van der Waals gaps [8]. Single monolayers are generated via a
variety of methods, primarily mechanical exfoliation, liquid exfoliation, or lithiumintercalation/deintercalation of these layered materials [7]. The properties of these
materials are usually very different from those of their 3D counterparts [9]. The first 2D
material to be isolated was graphene, a zero-overlap semimetal. Since its discovery,
graphene has excelled in various applications in the field of membrane science and other
aspects of science and technology and gained prominence as a wonder material. But, the
symmetrical electrical band structure of graphene, i.e., its zero-band gap energy has limited
its use for many applications. The success of graphene has inspired exploration of other
2D layered materials. The family of 2D crystals has grown to include metals (e.g., NbSe2),
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semiconductors (e.g., MoS2), and insulators (e.g., hexagonal boron nitride (hBN))[9]. The
quest for a variety of high-performance devices has necessitated the search for additional
layered materials that exhibit a wider operating range in their key properties, such as the
electronic band gap and carrier mobility [10]. Among recently discovered 2D materials,
phosphorene is one of the most intriguing due to its interesting properties and numerous
foreseeable applications.
Phosphorus which constitutes about 0.1% of the Earth’s crust is one of the most abundant
elements [11], and it exists as several allotropes. White and red phosphorus are the most
commonly seen allotropes used typically for making explosives and safety matches [12].
Black phosphorus (BP), though rarely mentioned, is the most stable allotrope of
phosphorus [13], and it combines high carrier mobility with a fundamental band gap [14].
Graphite and black phosphorus (BP) are the only known monotypic van der Waals crystals
[15, 16]. The phosphorus atoms of BP covalently bond to three neighboring atoms, but
unlike graphene, BP forms a puckered structure with out of plane ridges. Unlike carbon,
phosphorus has only three valance electrons which leads to BP being semiconducting since
each atom is bonded to three neighboring atoms [15]. Exfoliated, p-type semiconducting
BP flakes possess mobilities of ~200-1000 cm2 /V-s at room temperature, current on/off
ratios of ~104 and anisotropic transport. Consequently, BP shows promise as a
nanomaterial that could complement or exceed the electronic, spintronic, and
optoelectronic properties of graphene [17, 18]. Phosphorene is a single atomic layer of BP
that shows semiconducting properties [19]. Figure 1 shows the structure of phosphorene.
Phosphorene distinguishes itself from other 2D layered materials by its unique structural
characteristics, relatively large direct bandgap and good charge carrier mobilities [20].
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Phosphorene has a thickness-dependent direct band gap that changes to 1.88 eV in a
monolayer from 0.3 eV in the bulk. The chemical, physical, optical, and electronic
properties of phosphorene depend greatly upon its morphology and structure. Although
bulk BP is the thermodynamically most stable allotrope of phosphorus under ambient
conditions, it has a major drawback. However, single- or multi-layer phosphorene made
from bulk BP is not stable under ambient conditions because of its highly hygroscopic
nature; that is, it absorbs moisture from the air [21]. However, recent work has shown that
the technique used to exfoliate phosphorene from BP can impact the stability of
phosphorene. Basic liquid exfoliation has been shown to produce stable phosphorene [22].

Figure 1: Structure of phosphorene
1.1.1. Phosphorene Exfoliation
Reliable production of atomically thin, single, or layered phosphorene with uniform size
and properties from bulk BP is necessary for incorporation into experimental procedures
and for use in device fabrication. The three major techniques for exfoliating phosphorene
are by mechanical exfoliation, liquid exfoliation, and plasma-assisted fabrication.
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In mechanical exfoliation, one important precondition is that the interlayer interaction in
the bulk counterpart is dominated by weak vdWs forces, making possible the cleavage of
the materials using just an adhesive tape [10]. BP consists of layered structures held
together by weak interlayer forces with a significant vdWs character, this suggests that
few-phosphorene can be obtained by this exfoliation method [10]. This process involves
the use of a scotch tape to peel thin flakes from bulk crystal onto doped silicon wafer
covered with a layer of thermally grown silicon dioxide [23]. Although, this technique
produces single-crystal flakes of high purity that are suitable for fundamental
characterization, however, this method is not scalable and there is a lack of systematic
control of flake thickness and size [14, 24-26].
Another approach used to fabricate monolayer phosphorene is by the combination of
mechanical cleavage and plasma thinning, called plasma-assisted fabrication [27]. With
this technique, thin phosphorene films are first exfoliated onto SiO2/Si substrate by
mechanical exfoliation, and after Ar+ plasma treatment, monolayer phosphorene is
obtained. This method provides an improved way for controlling the thickness of
phosphorene, but the requirement for laser scanning makes it challenging for scale-up
applications [10, 27].
Lastly, liquid exfoliation has been explored for syntheses of two-dimensional materials
[28-30]. This technique involves immersion of the bulk solid into a liquid, typically Nmethyl-2-pyrrolidone (NMP), and the two-dimensional materials are ultrasonically
exfoliated [31]. The physical basis for the exfoliation relies on an energy match between
the solvent and the surface of the two-dimensional material in question balancing the
energy required for exfoliation [32]. Interestingly, the degradation for phosphorene
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obtained by liquid-phase exfoliation occurs more slowly than that for phosphorene
prepared by mechanical cleavage, suggesting that solvent exfoliation is a more efficient
method producing more stable phosphorene nanoflakes [33, 34]. Choosing the right solvent
is an important step to obtain high quality phosphorene nanosheets. Recently, several
studies investigated and compared the effect of different solvents on the stability of
phosphorene [22, 34, 35]. Among many types of solvents, N-methyl-2-pyrrolidone (NMP)
and N-cyclohexyl-2-pyrrolidone (CHP) were found to provide stable and high yield
phosphorene dispersions [36].
Since stable phosphorene can now be synthesized, this opens a new field of research that
can explore its properties. Phosphorene can be used to synthesize heterostructures with
other compounds, it can be used in making catalysts, batteries, and supercapacitors.
1.2.

Membranes for water treatment

The scarcity of clean water is a growing challenge because of rapid population growth,
extended droughts and increased human demands. Membranes are favored over many other
technologies for water treatment because, in principle, they require no chemical additives,
can be performed isothermally at low temperatures, and they do not require regeneration
of spent media [37]. Also, upscaling and downscaling of membrane processes as well as
their integration into other separation or reaction processes are relatively easy [38].
Membrane processes are increasingly used for removal of bacteria, microorganisms,
particulates and natural organic material, which can impart color, tastes, and odors to water
and react with disinfectants to form disinfection byproducts [39]. Membrane separation
techniques are commonly grouped under four headings based on the driving force behind
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the operation. They include pressure-driven processes (microfiltration, ultrafiltration,
nanofiltration

and

reverse

osmosis),

concentration-driven

processes

(dialysis,

pervaporation, forward osmosis and gas separation), electric potential gradient driven
processes (electrodialysis, membrane electrolysis, electrodeionization and electrofiltration)
and thermal-driven processes (membrane distillation). Among the different membrane
separations, pressure-driven processes are the simplest in terms of their ability to separate
particulates in liquid and gas feed streams according to size [40]. By utilizing pressure as
the driving force for separation and with a membrane acting as a semipermeable barrier,
pressure-driven processes produce a higher flux compared to their thermal and
concentration-based separation counterparts. Types of pressure-driven membrane
separation techniques are categorized according to membrane pore size, which, in turn,
dictates the degree of separation achieved. These categories are microfiltration (MF) 0.03
to 10 microns, ultrafiltration (UF) 0.002 to 0.1 microns, nanofiltration (NF) 0.001 microns,
and reverse osmosis (RO), which is non-porous. Figure 2 shows the types of materials that
can be separated using these membrane processes. The main factors that determines the
durability of membranes and permeate fluxes in cross-flow pressure-driven membrane
separation processes are the phenomena of concentration–polarization (i.e., accumulation
of rejected species at the membrane surface) and fouling (e.g., solute and microbial
adhesion) on the membrane surface [41].
NF membranes have been largely developed and commercialized over the past decade
because they show promise for the separation of neutral and charged solutes in aqueous
solutions, offer low operation pressure, high flux, and low operation and maintenance costs
[42]. Two important NF features include having a molecular weight cut-off (MWCO)
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between that of RO and UF, which ranges from 200 to 2000 Da, and the ability to separate
electrolytes [43]. NF membranes typically have a high retention for multivalent ions and a
moderate retention for monovalent ions, which is due to sieving, electrostatic interactions
between the membrane and the ions or between the ions themselves, and differences in
diffusivity or solubility [44].

Figure 2: Diagram showing the four main membrane processes [45]

1.2.1. Fouling
Membrane separation processes are in high demand because of their superior separation
performance; however, a rapid drop of the permeate flux over time due to the accumulation
of rejected materials on the membrane surface, known as membrane fouling, has limited
the adaptation of membrane-based operations. Fouling in pressure driven membrane
processes can be described as the accumulation of suspended/dissolved substances on the
external surface or within the pores of the membrane and at the pore walls[46]. It leads to
a reduction in the membrane performance, decline of the membrane lifespan and,
ultimately, increase in the operation costs. Membrane fouling can be grouped under two
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broad headings, reversible fouling, and irreversible fouling. Reversible fouling can be
described as the loosely attached fouling element that can be removed by physical
techniques such as relaxation and back-washing[47]. On the other hand, irreversible
fouling results from strong attachment of foulants on the membrane which can only be
removed by chemical means and in some cases, permanent damage occurs to the
membrane.
This concept can be described graphically as seen in Figure 3. There are three stages during
a typical filtration process, the precompaction stage with pure water (region 1), the
filtration stage with feed solution (region 2) then lastly the reverse flow filtration stage with
pure water (region 3). The membrane flux in region 1 is largely controlled by pore size
and applied pressure (Darcy’s law)[48]. In Region 2, the flux Jt, declines over time during
the filtration process because of membrane fouling. The reverse flow filtration stage, region
3, is a physical cleaning step and a flux increase is observed (from J1 to J2) due to reversible
fouling. In contrast, the decline from J0 to J2 is due to irreversible fouling because despite
the cleaning procedure, the flux Jt could not return to Jo because of fouling.
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Figure 3: Typical filtration flux diagram showing the difference between reversible and
irreversible fouling effects on the flux
Based on the type of foulant, fouling can be divided into colloidal, organic, inorganic, and
biological fouling. Figure 4 provides a summary of the four major kinds of fouling and
shows their interdependency on one another. Colloidal fouling leads to pore clogging and
cake formation. Backwashing (reverse flow filtration) is an effective way to partially
recover the membrane performance[49]. Backwashing pushes colloidal particles from the
pore structure into the feed solution, where they are removed by crossflow filtration [50].
Colloids are fine particles whose characteristic size fall within the size range of 1–1000 nm.
In pressure-driven membrane systems, these fine particles have a strong tendency to foul
the membranes, causing a significant loss in water permeability[51]. Colloidal fouling is
influenced by many factors such as the colloids size, shape, charge as well as interactions
with ions of the colloids[52]
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Figure 4: Types of fouling
Organic fouling is caused by organic compounds present in water, which usually consist
of humic substances and organic acids[53]. Natural organic matter (NOM) is a major
foulant of membranes used in water treatment [54, 55]. NOM is comprised of a wide range
of hydrophilic and hydrophobic components [56]. The hydrophobic fractions are mainly
humic and fulvic acids that are metabolized by natural or biological degradation, with
aromatic carbon and carboxyl groups making up their structures [57-59]. The hydrophilic
fraction stems from hydrophilic polysaccharides and proteins, that have aliphatic carbons
and hydroxyl groups [60]. Researchers have reported the hydrophobic fraction as the major
foulant during surface water filtration [61-63] since it possesses higher aromaticity
properties and greater adsorptive tendencies due to hydrophobic interactions [64]. The
hydrophilic NOM fraction makes lower contributions to organic matter fouling compared
to the hydrophobic fraction [60, 65].
Biofouling is the process of microorganism adhesion and proliferation on membranes; it is
the formation of biofilm to an unacceptable degree that increases operational costs[66]. For
a biofilm to form, a source of nutrient and the microorganism that depends on the nutrient
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must be present. Prevention of biofouling involves (i) reducing the concentration of
microorganisms and/or reducing the concentration of nutrients by pretreatment, and/or (ii)
performing preventive/ curative cleanings. A number of studies [67-69] have identified
some trends with respect to short-term cell adhesion and biofilm growth with controlled
bacterial strains. Generally, surface roughness and hydrophobicity are key predictors of
cell adhesion with neutral, smooth hydrophilic surfaces having the lowest propensity to
biofouling[68].
Inorganic fouling is the broad term used to describe precipitation and/or particulate fouling.
Precipitation fouling arises from a supersaturated solution, ionic species in the solution are
transported by diffusion to the membrane surface thus leading to the crystallization of
insoluble species. Particulate fouling in contrast, arises from the diffusion of colloidal
matter to the surface of the membrane[70]. In general, inorganic fouling is caused by a high
concentration of inorganic salts in the feed water. Presence of alkaline earth metal cations
,such as ,magnesium (Mg2+) and calcium (Ca2+) ions, in combination with polyanions, like,
phosphate (PO4

3−

) , sulphate (SO4

2−

), and carbonate (CO3

2−

) ions often leads to the

formation of inorganic scaling on the membrane surface[71] but this tends to be an
insignificant issue.
Darcy’s Law is used to explain the characteristic of membrane fouling as shown in (Eq.
1) below [72];
𝐽𝐽 = ∆𝑃𝑃𝑇𝑇 /(𝜇𝜇 ∙ 𝑅𝑅𝑡𝑡 )

(1)

𝐽𝐽 represents permeate flux, ∆𝑃𝑃𝑇𝑇 represents transmembrane pressure, 𝑅𝑅𝑡𝑡 represents total

resistance of the membrane and µ represents permeate viscosity. The total resistance of
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the membrane (𝑅𝑅𝑡𝑡 ), which is the sum of all other resistance responsible for decrease in

permeate flux, is given in (Eq. 2).

𝑅𝑅𝑡𝑡 = 𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑐𝑐𝑐𝑐 + 𝑅𝑅𝑐𝑐 + 𝑅𝑅𝑝𝑝

(2)

Where 𝑅𝑅𝑚𝑚 represents the intrinsic membrane resistance, 𝑅𝑅𝑐𝑐𝑐𝑐 represents the resistance due
to concentration polarization, 𝑅𝑅𝑐𝑐 represents cake resistance and 𝑅𝑅𝑝𝑝 represents pore

blocking resistance. Figure 5 is a good representation of the position of each resistance in
membrane fouling.

Figure 5: Schematic representation of all the resistances in a porous membrane during
filtration

The type of membrane used is important to determine the type of fouling mechanism and
resistance responsible for permeate flux decrease in filtration. For example, (Eq. 3)
represents total resistance for a porous membrane, for a non-porous membrane in which
there is no pore blocking resistance, 𝑅𝑅𝑝𝑝 is excluded from the model equation.
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The type of fouling that occurs on membrane surfaces is mainly affected by the solution
chemistry of the feed water, the concentration, and finally the properties of foulants present
in the feed water. Operational conditions like temperature and flowrate of feed water are
also important because they control the extent of fouling [73]. As seen in Figure 6, a
plethora of factors influence fouling. Membrane fouling is initiated by the complex
chemical and physical interactions on the surface of membrane and different fouling
constituents present in the feed water. Mass transport across the membrane can lead to
adsorption, accumulation and/or attachment of transporting materials onto the surface or
inside the pores of the membrane. Therefore, any factors that has the capacity to change
the chemical properties of feed water and hydrodynamic properties of membrane modules
can effect a change in the overall performance of the membrane [74]. Hence, the combined
chemical and physical effects will control the severity of the fouling as well as the degree
of attachment of the foulants to the membrane and effective fouling control strategies
effectively [75].
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Figure 6: Factors affecting membrane fouling: (a) foulant characteristics ; (b) membrane
properties; (c) operational conditions and (d) feed water characteristics [73].

The choice of fouling control depends on the type of foulants. The three common
approaches to mitigate membrane fouling include boundary layer (velocity) control,
membrane modifications, and combined (external) fields[76].
Boundary layer (velocity) control can occur because the boundary layer thickness or
resistance on a surface depends on the velocity of flow on the surface. From the Prandtl’s
boundary layer theory and Navier-Stokes equations, applied to flow over a flat sheet, the
boundary layer thickness (δ) can be expressed as by equation 1:
δ = 4.6052ν/V

(1)

where ν is the kinematic viscosity of the permeate and V is the velocity of the flow across
the membrane due to pressure drop [77, 78]. This equation suggests that, by increasing the
velocity of flow, one can decrease the boundary layer thickness or the resistance due to the
boundary layer [76]. This velocity approach was the major reason for the development of
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crossflow or tangential flow membrane units that are now widely used [79]. The use of
velocity to control fouling was also the motivation for the incorporation of high agitation
in dead-end membrane units [76]. The velocity-induced turbulence helps minimize
membrane fouling by continually “sweeping” the membrane surface hence displacing the
fouling material off the surface.
Membrane modifications influence fouling control because if the membrane material can
limit the interaction between foulants and membrane surface, fouling can be minimized
[76]. Thus, the development of new membrane materials and/or surface modification is
another way to address fouling. The membrane material affects important parameters that
determine or control the extent of fouling such as membrane surface charge,
hydrophobicity of the membrane, and surface roughness[80].
The use of external fields for fouling control addresses most limitations of the velocity and
membrane modification control approaches [76]. Foulants that create fouling issues are
usually negatively charged thus applying a direct electric field during filtration can hinder
their attachment to the membrane surface through electrostatic repulsion for a like charged
membrane or electrophoresis for an unlike charged membrane [81]. The concept behind
electro-filtration is the application of a vertical electric field that can act on charged
molecules and prevent a gel layer formation on the membrane[82] by lifting the fouling
particles off the membrane surface and facilitating transport through bulk flow.
Simultaneously, electroosmosis allows for more fluid to flow across the membrane[76, 83,
84]. This method is efficient and environmentally friendly because it does not create
secondary pollution. It is specially efficient with hindering biofilm proliferation during
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filtration by preventing the secretion of extracellular polymeric substances(EPS) which
propagates biofouling [81].
1.2.2. Membrane Materials
Membranes are often made of inorganic materials, polymeric materials, or a combination
of both. Organic polymeric materials are traditionally used in pressure-driven membrane
processes.

For

MF,

the

most

often

used

materials

are

the

hydrophobic

polytetrafluoroethylene (PTFE), poly (viny1idene fluoride) (PVDF), polypropylene (PP),
polyethylene (PE), and hydrophilic materials include cellulose esters, polycarbonate (PC),
polysulfone/poly (ether sulfone) (PSf/PES), polyimide/poly (ether imide) (PVPEI),
aliphatic polyamide (PA), and polyetheretherketone (PEEK). UF membrane materials
include polysulfone/poly (ether sulfone)/sulfonated polysulfone, poly (vinylidene
fluoride), polyacrylonitrile and related block-copolymers, cellulosics such as cellulose
acetate, polyimide/poly (ether imide), aliphatic polyamide, and polyetheretherketone.
Polymer blends, e.g., with polyvinylpyrrolidone (PVP) are commonly used to increase the
hydrophilicity of these membranes. For NF, materials like aromatic polyamide,
polysulfone/poly

(ether

sulfone)/sulfonated

polysulfone,

cellulose

acetate,

or

poly(piperazine) amide are typically used [85]. Polymer blending is used to obtain new
types of materials with a wide diversity of properties intermediate between those of the
pure components. The blended membranes have better permselectivity and permeability
than those made using individual polymers[86]. The hydrophilic–hydrophobic balance as
well as other properties, such as physical structure and surface/pore charge of a membrane
system can be easily altered if the membrane is prepared from multi-component polymer
blends [87]. For this project, the polymer used is a blend of polysulfone (PSf) and
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polyetheretherketone (PEEK), the solvent is N-methyl pyrrolidone (NMP) and the
nonsolvent is water. [88]. Most microporous membranes are prepared by non-solvent
induced phase separation (NIPS) [89], which involves preparation of a membrane solution
(known as dope), casting and phase separation. The membrane dope solution contains
polymers and solvents; however, in many cases it also contains other additives with the
aim to improve processing conditions and/or performance of resulting membrane [90].
1.2.2.1.

Polysulfone (PSf)

Polysulfone (Figure 7) has excellent physicochemical properties such as chemical
resistance, thermal stability and mechanical strength [91]. However, the hydrophobicity of
PSf often causes the adsorption and deposition of foulants (proteins, colloids, particles,
etc.) on the membrane surface and within pores, which leads to decreases in permeation
flux separation ability of the membrane during operation [91]. Enhancing the
hydrophilicity of the polymer is assumed to yield a better performance in terms of
permeability, antifouling properties and solute rejection [92] Specifically, by increasing
the number of hydrogen bonding sites at the surface, the interfacial acid−base forces are
maximized, thereby allowing the formation of an interfacial layer of tightly bonded water
molecules that are highly oriented and have slow dynamics. The displacement of water
molecules involves work that increases the free energy of the system, and this hydration
layer provides a repulsive barrier against the adsorption of foulants [93]. Many studies of
modification of PSf membranes have been made to enhance their hydrophilicity. These
studies can be divided into three: blending with hydrophilic materials [94] or with minerals
including silica and zirconium dioxide (ZrO2) [95, 96]; grafting with hydrophilic polymers,
monomers or functional groups [97-99]; and coating with hydrophilic polymers [100].
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Among these methods, blending with inorganic materials is very common due to
convenient operations, mild conditions, and high performance [101].Figure 3 shows the
chemical structure of the Polysulfone molecule.

Figure 7: Structure of polysulfone
1.2.2.2.

Polyetheretherketone (PEEK)

PEEK is a highly thermostable polymer with a Tg of ∼150 ◦C [102]. Studies have shown
that PSf/SPEEK blend membranes had substantially higher water flux, salt rejection,

porosity, along with greatly reduced particle adhesion compared to the PSf membranes
[103-105]. PEEK is usually sulphonated to increase its hydrophilicity.

Sulfonation

improves membrane properties in terms of better wettability, higher water flux, higher
antifouling capacity, better permeability, and increased solubility in solvents for processing
[102]. The properties of sulphonated PEEK (SPEEK) membranes are highly dependent on
the degree of sulfonation (DS). SPEEK membranes with high DS exhibit high proton
conductivity and ion exchange capacity value, but a large number of sulfonic acid groups
also results in poor mechanical property [106]. SPEEK has been shown to provide
nanofiltration membranes with high permeability and high rejection of salt properties
[107]. Figure 8 shows the chemical structure of the PEEK molecule.
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Figure 8: Structure of polyetheretherketone.

1.2.3. Techniques for surface locating nanomaterials on membranes
This section has been published in the following report in a journal:
Esfahani, Milad Rabbani, Sadegh Aghapour Aktij, Zoheir Dabaghian, Mostafa Dadashi
Firouzjaei, Ahmad Rahimpour, Joyner Eke, Isabel C. Escobar et al. "Nanocomposite
membranes for water separation and purification: Fabrication, modification, and
applications. Separation and Purification Technology 213 (2019): 465-499. [108]
Mixed matrix membranes (MMMs), consisting of polymeric materials and permeable or
impermeable submicron/nano-sized particles, have been extensively studied for liquid and
gas separation to show enhanced selectivity, permeability, tortuosity and/or mechanical
stability [109, 110]. A variety of inorganic nanoparticles such as zeolites [111], carbon
nanotubes[112], alumina (Al2O3)[113], silica (SiO2) [114], zirconium dioxide (ZrO2)
[115], zinc oxide (ZnO) [116], silver[117] and titanium oxide (TiO2) [118], have been used
as additives in - formulation of different polymeric membranes [119]. For instance, coating
the membrane surface with titanium dioxide (TiO2) nanoparticles and then applying UV
radiation - results in photocatalysis, and groups of active oxidant reagents appear on the
surface of the membrane, which lead to decomposition and removal of organic membrane
foulants [120]. However, the benefits of added particles are limited by nanoparticle
aggregation and their poor adhesion to the base polymeric matrix [121]. High
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concentrations also often lead to poor mechanical stability in the membrane [121].
Therefore, seeking fabrication methods to incorporate nanoparticles into the membrane
matrix while avoiding these drawbacks is the focus of much research effort. Some of the
methods include self-assembly [122], layer by layer assembly [123], chemical grafting
[124], and physical [125] and chemical deposition [126] of nanoparticles on the membrane
surface
1.2.3.1.

Self-Assembly

Self-assembly is a spontaneous process by which molecules and nanophase entities may
materialize into organized aggregates, networks or patterns through various interactive
mechanisms, such as electrostatics, chemistry, surface properties and via other mediating
agents [127]. Depositing nanoparticles on membrane surfaces by self-assembly is often
used for incorporating nanoparticles into membrane matrixes. There are different
mechanisms by which self-assembly of molecules and nanoclusters can be accomplished.
These mechanisms include electrostatic and surface forces[128], and chemical interactions
self-assembly techniques [129]. Self-assembly by electrostatic interactions is governed by
the adsorption and desorption equilibria in cationic and anionic solutions [127]. Bae et al.,
[128] prepared fouling-resistant TiO2/polymer nanocomposite membranes nanocomposite
membranes via electrostatic self-assembly between TiO2 nanoparticles and sulfonic acid
groups on the membrane surface. TiO2 nanocomposite membranes displayed a cake layer
resistance of 33.27 x1011 m-1, while polymeric membrane had a cake resistance of 58.7
x1011 m-1, which indicated a decrease in membrane fouling when using the nanocomposite
membranes [128]. Likewise, an anti-fouling poly (styrene-alt-maleic anhydride)/poly
(vinylidene fluoride) (SMA/PVDF) blend membrane was prepared by the electrostatic self20

assembly between anatase TiO2 nanoparticles and –COOH groups on the membrane
surface [122]. The TiO2 particles were shown to tightly absorb on the surface of the
SMA/PVDF blend membrane and the amount of TiO2 nanoparticles was higher with the
increase of –COOH groups hydrolyzed from SMA in blend membranes (increased from
4.65 wt.% to 6.86 wt.%).
As a drawback, electrostatic interaction- in a self-assembly method, can result in a the lack
of orientation of functional fragments[130]. on the other hand, chemical self-assembly is
far more specific in fixating functional groups, yielding robust and permanent structures.
Therefore, chemical self-assembly provides a method of achieving more stable selfassembled films [127]. Kim et al.,[129] hybridized TiO2 nanoparticles with thin-filmcomposite (TFC) aromatic polyamide membranes by self-assembly through H-bond
interactions with the COOH group on the membrane surface to result in a tightly selfassembled structure with sufficient bonding strength to support the use of the fabricated
membranes for reverse osmosis applications [129]. Jo et al.,[131] synthesized fouling
resistant membranes with high water flux and moderate loss of solute rejection by
chemically

self-assembling

zinc

oxide

(ZnO)

nanoparticles

onto

aminated

polyethersulfone (PES-NH2) ultrafiltration membranes [131] by reacting amine groups
with thionyl chloride formed on ZnO nanoparticles. In another example, He et al.,[132]
using freestanding nanoparticle membranes of different core materials (Au, Fe/Fe3O4, and
CoO) with different core sizes (mean diameter 5, 13.8, and 8.5 nm, respectively) and
different capping ligands (dodecanethiol, oleylamine, and oleic acid, respectively),
demonstrated that a drying-mediated chemical self-assembly process could be used to
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create close-packed monolayer membranes that span holes tens of micrometers in diameter
[132].
1.2.3.2.

Layer by Layer Assembly

Layer by layer (LbL) assembly is a technique by which organic and inorganic
multicomponent films are built up on various substrates through complementary
interactions of the adsorbing species[133]. LbL used to create ultrathin advanced surface
coatings on a wide range of surfaces. The first layer is adsorbed based on electrostatic
interactions and thereafter the deposition is driven by means of electrostatic H-bonding,
covalent and charge transfer interactions. This technique is well established in forming
highly dense and compact ultrathin films from various kinds of organic or polymeric
materials, with precise control of layer composition and thickness [134, 135]. LbL is an
effective strategy for fabricating functionalized multilayers on a membrane surface, and
since no adverse chemical reactions take place during the procedure, the properties of the
original membrane are not altered by this multiple film loading modification[136].
Complementary interactions of the LbL assembly typically can be driven by electrostatic
interactions [137], hydrogen bonding [133], charge-transfer interactions [138] and covalent
bonding [134]. In the case of LbL assembly by electrostatic interactions, a substrate is
alternately immersed in aqueous solutions/dispersions of oppositely charged materials,
such as polyelectrolytes, and an extremely thin film is obtained, as thin as at the nanometer
scale [139]. Hu et al., [140] fabricated water purification membranes by layer-by-layer
assembling negatively charged graphene oxide (GO) nanosheets onto a porous
poly(acrylonitrile)

support

and

interconnecting

them

with

positively

charged

poly(allylamine hydrochloride) (PAH) via electrostatic interactions. It was observed that
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in solutions of low ionic strength, the GO membranes retained a tight structure and
exhibited high rejection to sucrose (99%) [140]. In a study by W. Ma et al., [136], a
modified electrostatic interaction LbL technique, known as spray and spin assisted layer
by layer (SSLbL), was applied to assemble copper nanoparticles (CuNP) functionalized
anti-bacterial coatings on a commercial RO membrane. The antifouling coating consisted
of multi-layers that employed polyethyleneimine-coated CuNPs as a polycation and poly
(acrylic) acid as a polyanion. By taking advantage of the negative charges on the polyamide
surface, the multi-films were firmly deposited onto the membrane and held in place by the
resulting electrostatic interactions. SSLbL resulted in a uniform coating of CuNPs on the
membrane surface, offered controllable particle loading and also presented a high
modification efficiency which indicated the potential for its practical application in
commercial anti-biofouling membrane modification practices [136]. Escobar-Ferrand et
al., [123] showed the feasibility of preparing defect-free TFC membranes through LbL
surface modification of polymeric porous MF/UF membranes using nanoparticles.
Cationic and anionic polyelectrolytes and both spherical (cationic/anionic) and elongated
(anionic) silica nanoparticles were deposited to fabricate crack-free surfaces with thin
layers.
Although LBL assembly techniques based on electrostatic interaction are very successful,
they often require the preparation of nanoparticles in aqueous solutions [141]. The
formation of LbL thin films by covalent bonding offers extra stability to the thin film,
which allows it to withstand harsh conditions. [142, 143]. In addition, the presence of an
intermolecular interaction enables the incorporation of several other functional groups in
the films by reaction with excess reactive groups within the multilayer structure, thus
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enabling the design and fabrication of tailored multifunctional assemblies[144]. In another
study, M.Hu et al., [145] used the covalent bond LbL mechanism to GO nanosheets, which
were cross-linked by 1,3,5-benzenetricarbonyl trichloride (TMC), on a polydopaminecoated polysulfone support. TMC anchored free acyl chloride groups on the support
surface, the free acyl chloride groups reacted with the carboxyl or hydroxyl groups in GO
to form anhydride or ester bonds. Therefore, the first GO layer was firmly attached to the
support by chemical bonds, with TMC working as the cross-linker between polydopamine
and GO [145]. When facilitated by hydrogen bonding, LbL assembly provides an avenue
for the incorporation of many uncharged compounds into multilayer films. However, this
only occurs when substrates that can act as hydrogen bonding donors and hydrogen
bonding acceptors are available [144]. Choi et al., [137] used LbL assembly to deposit
graphene oxide (GO) nanosheets multilayers on the surface of a polyamide-thin film
composite (PA-TFC) membrane to serve as a dual-functional protective layer to improve
both membrane antifouling and chlorine resistance, while maintaining the separation
performance. A pair of oppositely charged GO nanosheets (positively charged, aminatedGO (AGO) and negatively charged GO) were alternatingly deposited on the interfacialpolymerized PA membrane surfaces primarily through electrostatic interactions. Besides
dominant electrostatic forces, hydrogen bonding between uncharged functional groups
(e.g., amine, carboxylic acid, and hydroxyl groups) on the AGO and GO sheets reinforced
the stability of the GO multilayer [137].
Lastly, LbL assembly as a result of charge transfer interactions is achieved by the alternate
adsorption of two types of nonionic molecules, which possess electron-accepting and
electron-donating groups, respectively, in the side chains [144]. Shimazaki et al., [138],
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used two polymers, poly[2-(9-carbazolyl)ethyl methacrylate] and poly[2-[(3,5dinitrobenzoyl)oxy]ethyl methacrylate], both bearing nonionic pendant groups in the side
chains, which have electron-donating character and electron-accepting character,
respectively, to create multilayer assemblies. These polymers were alternatively adsorbed
onto the gold surface from the solutions in methylene chloride [138].
1.2.3.3.

Physical and Chemical deposition

Physical deposition involves the mechanical deposition of nanoparticles without chemical
interaction between the polymer and nanoparticles. The two major techniques of
physically-depositing nanoparticles within a membrane matrix are by blending [146] and
dip-coating [125]. Modification of membranes by blending nanomaterials is a common
practical technique for membrane production as no additional processing steps are needed
during or after the phase inversion process. Nanoparticles are physically blended into the
dope solution before the membrane is synthesized. Several studies reported employing this
technique [115, 121, 147-149], but the major problem experienced in these studies is
nanoparticle agglomeration and loss of nanoparticles during filtration [146]. In dip-coating,
one side of the support is dipped into the nanoparticle suspension until the entire surface is
wet and then quickly withdrawn from the liquid. The coated support is allowed to dry at
room temperature[150]. Jones et al., [125] employed this technique in making alumina
ultrafiltration membranes from alumina nanoparticles (alumoxanes), and the synthesized
membranes were defect free. Lin et al.,[151] prepared a series of Nafion/SiO2 composite
membranes via dip-coating surfactant-templated mesostructured silica nanoparticles on
both sides of the Nafion® 117.
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Chemical deposition of nanoparticles typically involves either the functionalization of the
particles before incorporation in the matrix or the attachment of the particles to the
membrane surface as a result of a chemical reaction, which may be a carboxylation [152]
or reduction reaction [153]. Lower agglomeration and stronger bonding between the
nanoparticle and membrane surface is usually better achieved as compared to physical
deposition. In a study done by Huang et al., [126], silver nanoparticles (AgNPs) were insitu immobilized on polysulfone (PSf) ultrafiltration membranes via polydopamine (PDA)
deposition and in-situ reduction of silver ammonia aqueous solution (Ag(NH3)2OH).
Results indicated that the AgNPs were firmly immobilized onto the membrane surfaces as
well as the top layer cross section of the membranes. The adhesive and reductive PDA
layer on the membrane surface induced the reduction of Ag+ without surface pore blockage,
and also favored to the firm attachment and uniform distribution of AgNPs onto the
membrane[126]. Yin et al., [154] studied the immobilization of AgNPs on the surface of
polyamide (PA) thin-film composite (TFC) membrane via covalent bonding, with
cysteamine as a bridging agent. The synthesized AgNPs were attached onto the membrane
surface via the Ag–S chemical bonding. The TFC-S–AgNPs membranes showed that
AgNPs leaching from the membranes was 15.5 mg/cm2 (or approximately 0.7% of the total
membrane sample mass) over a 72-hr filtration period, so nanocomposite membranes were
deemed to have good stability of immobilized AgNPs. TFC-S-AgNP membranes also
showed antibacterial properties since after a 7-day biofilm growth test, biofilm formation
was observed on the TFC membrane surface, while the TFC-S–AgNPs membrane surface
was relatively clean and free of biofilm growth [154]. In a different study also on the
chemical deposition of AgNPs on a membrane, Sprick et al., [155] added AgNPs to
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cellulose acetate (CA) membranes via attachment with functionalized thiol groups with the
use of glycidyl methacrylate (GMA) and cysteamine chemistries. It was determined that
after 7 days of continuous filtration, little silver leached from the nanocomposite
membranes (37±19 ppb), and no live or dead bacterial cells were observed on the
nanocomposite membranes [155].
Chemical deposition of metal NPs by reduction reaction generally involves transfer of the
desired metal ions by the ion-exchange process to the membrane matrix, and subsequent
reduction of metal ions by appropriate reductant in the membrane matrix [156]. The
reductant plays an important role in the spatial distribution of metal NPs in the
membrane[110]. Bonggotgetsakul et al., [153] prepared AgNPs using a polymer inclusion
membrane (PIM) consisting of 45% (m/m) di-(2-ethylhexyl)phosphoric acid (D2EHPA)
and 55% (m/m) poly(vinyl chloride) (PVC) as a template. The Ag (I) ion was first extracted
into the membrane via cation-exchange and then subsequently reduced using 4 different
reducing agents which include sodium borohydride (NaBH4), trisodium citrate, citric acid,
and L-ascorbic acid to form AgNPs. The most effective reducing agent was found to be Lascorbic acid, which formed a uniform monolayer of AgNPs on the surface of the PIM.
Rajaeian et al., [152] experimented on carboxylation of TiO2 nanoparticles to significantly
increase their dispersion in aqueous medium. A series of thin film nanocomposite
membranes was developed by coating a surface-modified porous poly (vinylidene fluoride)
(PVDF) support with poly (vinyl alcohol) (PVA) doped solution containing TiO2
nanoparticles. In order to improve the interfacial adhesion of nanoparticles in the PVA
blend, an endothermic carboxylation reaction under acidic conditions was carried out on
the TiO2 surface using chloroacetic acid. Carboxylation of TiO2 nanoparticles was carried
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out by the reflux method. The carboxylation of TiO2 nanoparticles promoted particle
dispersion within the PVA doped solution with significantly reduced particle
agglomeration. Without the surface carboxylation, there was only weak coordination
between Ti4+and the hydroxyl groups on the PVA surface which weakly bonded the TiO2
agglomerates. On the other hand, the covalent crosslinking between the carboxylic groups
at the modified TiO2 surfaces and PVA hydroxyl chains provided a strong and irreversible
binding force to embed nanoparticles inside or onto the PVA surface. The nature of the
bonding between the carboxylic groups and PVA chains was likely the hydrogen bonding,
although a small amount of esterification may also have occurred. The new carboxylated
thin film nanocomposite membrane had improved performance including solute rejection,
antifouling properties and flux recovery ratio [152].
1.2.3.4.

Chemical grafting

Chemical grafting of nanomaterials involves the transformation of the nanocrystals into a
continuous material through long chain surface chemical modification using grafting
agents bearing a reactive end group and a long compatibilizing tail [157]. Song et al., [158]
prepared ultrafiltration membranes from PSf composites with poly(1-vinylpyrrolidone)
grafted silica NPs (PVP-g-silica). For the synthesis of PVP-g-silica, hydroxyl terminated
silica NPs were reacted with (3-methacryloxypropyl) trimethoxysilane (γ-MPS) to form γMPS terminated silica NPs (silica-MPS), which were further reacted with a
vinylpyrrolidone (VP) monomer via a wet phase inversion process. PVP-g-silica
nanoparticles exhibited better dispersion in the PSf matrix and interfacial adhesion with
PSf than pristine silica nanoparticles. In the study done by Liang et al., [159], pristine
PVDF membranes were grafted with poly (methacrylic acid) (PMAA) by graft
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copolymerization, providing sufficient carboxyl groups as anchor sites for the binding of
silica NPs. Sawanda et al., [117] used a modified chemical grafting technique to
incorporate AgNPs onto the membrane surface. In –this study, acrylamide was grafted onto
a PES membrane surface and AgNPs were formed within the grafted layer by reducing the
silver ions with sodium tetrahydroborate aqueous solution. Geng et al., [124], synthesized
an anti-photocatalytic ageing poly(aryl ether sulfone) polymer matrix containing
trifluoromethyl groups and carboxyl groups (PES-F-COOH). TiO2 clusters were covalently
incorporated into the fluorine-containing poly (aryl ether sulfone) matrix via a side chain
grafting reaction using a silane coupling agent. The strong attachment of TiO2 clusters to
the polymer matrix resulted in a homogeneous dispersion. The prepared TiO2/PES-FCOOH hybrid ultrafiltration membranes exhibited excellent separation, anti-fouling, and
self-cleaning properties, while resistant to decomposition by photocatalytic oxidation.
Lastly, Yang et al., [160] modified a TFC polyamide nanofiltration membrane by grafting
poly(2-hydroxyethyl methacrylate) (polyHEMA) chains from the surface of the membrane.
A modified Gabriel synthesis procedure[160] was used to attach superparamagnetic
(Fe3O4) nanoparticles to the chain ends. Nanoparticles were attached to the membrane
surface by reacting carboxyl groups on the nanoparticle surface to the primary amine at the
polyHEMA chain ends via an amide linkage. Modified membranes display both increased
permeate fluxes and increased salt rejection in the presence of an oscillating magnetic field
compared to their performance in the absence of an oscillating magnetic field.

1.2.3.5.

Other methods for fabrication of surface located nanocomposite membranes
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Corona plasma-assisted coating TiO2 nanoparticles is a useful technique for modification
of polymeric membranes to improve separation and antifouling properties. Moghimifar et
al., [119] modified the surface of polyethersulfone (PES) ultrafiltration membranes by
corona air plasma and by coating TiO2 nanoparticles. For this purpose, the TiO2
nanoparticles, were coated on the surface of the corona plasma treated PES membranes,
which were prepared via the non-solvent-induced phase inversion method. TiO2
nanoparticles were coated on the membrane surface by immersion of the corona treaded
membranes into a TiO2 colloidal aqueous solution [119]. Liu et al., [161], prepared a
composite membrane formed from reduced graphene oxide (RGO) and AgNPs via a rapid
thermal reduction method. The average diameter of the AgNPs was approximately 20–40
nm. The RGO membranes and RGO–AgNP composite membranes were prepared by
vacuum filtration of RGO–AgNPs dispersions through mixed cellulose filter membranes.
The membrane with the mass ratios 1: 2 of AgNO3 to GO had the best combination
performance due to its suitable distribution of silver nanoparticles. Mohamad et al., [162]
studied the performance of polyethersulfone (PES) ultrafiltration membrane coated with
titanium dioxide (TiO2) nanoparticles and irradiated with UV light. Flat sheet membranes
were prepared via phase inversion, with two types of membranes including TiO2 coated
PES membranes and UV-irradiated TiO2 coated PES membrane. TiO2 suspensions were
prepared and coated on the PES surface via dip coating, and then, prepared membranes
were irradiated. Results indicated that the pure water flux and humic acid permeation of
UV irradiated TiO2 coated membrane was higher than TiO2 coated membrane. In the study
performed by Yang et al., [163], zeolitic imidazolate framework (ZIF-8) nanoparticles
were in-situ growth onto the surface of GO sheets to form ZIF-8@GO composites, which
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were co-deposited with polyethyleneimine (PEI) matrix on a tubular ceramic substrate
through a vacuum-assisted assembly method. ZIF-8@GO laminates were embedded in PEI
matrix under the transmembrane pressure. PEI was used as a bridging agent to improve the
bonding force between separation layer and the substrate. Moreover, PEI was easy to be
chemically cross-linked because of the abundant amine groups in its molecular chains. The
obtained composite membrane was then cross-linked with glutaraldehyde (GA) to make it
more stable.
1.3.

Per- and polyfluorinated chemicals (PFAS)

Per- and polyfluoroalkyl substances (PFAS) are a type of synthetic chemical found in the
environment that are toxic to many ecosystems as well as humans. As a result, locations
contaminated by PFAS are becoming more heavily regulated by various government
organizations. Effective methods of their removal are thus necessary to reduce their
prevalence and negative effects on the environment. PFAS are carbon chains with one or
more fully fluorinated carbon (polyfluoroalkyl) or all fully fluorinated carbons
(perfluoroalkyl) [1]. Figure 9 shows the structure of a PFAS compound. The carbon chains
have a terminal functional group, most commonly carboxylic acids and sulfonic acids
abbreviated as (PFCAs) and (PFSAs) respectively. Additionally, PFAS are categorized by
their carbon-chain length as short-chain, PFCAs with seven or fewer carbons and PFSAs
with five or fewer carbons, or long-chain, PFCAs with eight or more carbons and PFSAs
with six or more carbons. Longer carbon-chain length leads to an increase in the PFAS
bioaccumulation. PFSAs can bioaccumulate more than PFCAs, this fact is responsible for
the smaller carbon-chain length for PFSAs to qualify as short-chain than PFCAs. PFAS
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were originally synthesized by 3M in the 1940’s, and were used commonly because of their
water-, stain-, and grease-resistance [165].These qualities improved the functionality of
many products including waterproofing materials, firefighting foams, and general
household goods.

Figure 9: Perfluorooctane sulfonic acid (top image); Perfluorooctanoic acid (bottom
image)

Their introduction into the environment has been facilitated by the decomposition of
products containing PFAS, as well as their emission from perfluorochemical factories.
The treatment technologies currently available for the removal and/or degradation of PFAS
compounds are limited to adsorption, advanced photochemical oxidation, sonochemical
decomposition, filtration, and air-sparged hydrocyclone technology[166]. Technologies
such as oxygenation to induce aerobic conditions and some forms of chemical oxidation
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have been shown to breakdown perfluorinated acids [167]. Figure 10 summarizes some
current treatment technologies used for the removal of PFAS compounds.

Figure 10: Current treatment technologies for PFAS removal [167]
For adsorption, removal of PFAS occurs by electrochemical interactions and hydrophobic
interactions with the polar and nonpolar groups of PFAS [168]. Some adsorption
techniques include biosorption, granular activated carbon, anion exchange, and non-ionic
resins [168].In the absence of organic matter, they are effective for the removal of long
chain perfluoroalkyl acid but ineffective against short chain perfluoroalkyl acids [167].
Sonolysis involves the use of ultrasound waves to create cavitation. During the process of
cavitation, bubbles collapse and adiabatically generate high pressure and temperature
conditions that pyrolyze perfluorinated compounds [169]. Sonolysis has been very
successful for the breakdown of PFAS compounds at the laboratory scale, but it has not
been commercialized because of design challenges during the cavitation propagation [167].
Advanced oxidation processes that have successfully degraded PFAS include ultraviolet
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(UV) irradiation and electrochemical techniques [170]. Photochemical oxidation is an
indirect photolysis technique which degrades contaminants by reacting with reactive
radicals. Adding a photocatalyst to UV photolysis of PFAS greatly enhances the ability of
the process to degrade the material [171]. Catalysts such as TiO2 , Fe3+, S2O8 2−, IO4- , and
CO3

2−

, in combination with UV can efficiently degrade PFAS owing to formation of

reactive and potent oxidative species such as CO3- • , H• , OH• , and PFAS complexes
[172]. Direct photolysis of PFASs tends to have relatively low removal efficiencies and
fluoride yields compared with other processes and thus needs additional processes to
complete degradation [171]. Filtration techniques are centered around membrane-based
systems. Reverse osmosis and nanofiltration have been shown to attain high rejection
values, over 99% in some instances. The mechanism for PFAS removal is usually
controlled by size exclusion, adsorption or charge interactions [168]. A shortcoming of this
technique is the creation of highly concentrated retentate that requires treatment or
disposal. Air-sparged hydrocyclone technology involves the use of coagulants with
wastewater containing PFAS compounds to create bubbles after spinning at high pressure
and air extraction in the reverse direction of the spin. This leads to the removal of the PFAS
contaminant. The technique has an efficiency of 70% and involves numerous steps to
achieve minimum contaminant levels [173].
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CHAPTER 2. Research Objectives
The overarching goals of this project were to first show that phosphorene possesses
catalytic properties to destroy organic compounds, such as dyes and PFAS compounds,
and that its electrical conductivity is anti-microbial, and then, to develop low fouling novel
nanocomposite membranes holistically from the initial investigation of phosphorene to
testing. To this end, the research was built around two hypotheses.
2.1.

Hypotheses

A)

Photocatalysts absorb photons to increase the chemical rate of reaction [174].

Reactions are activated by the absorption of a photon with sufficient energy (equivalent to
or greater than the band-gap energy of the catalyst). The photon absorption leads to a charge
separation due to elevation of an electron (e−) from the valence band of the semiconductor
catalyst to the conduction band[175]. Phosphorene exhibits characteristics that are
desirable for photocatalytic applications which include quantum confinement in the
direction perpendicular to the 2D plane signifying optical properties, large lateral size with
a high specific surface area and ratio of exposed surface atoms, and a high absorbance and
strong interaction with light [176-179]. Furthermore, phosphorene is a direct and narrow
band gap semiconductor, thus, it could efficiently harvest low energy photons during
photocatalysis, which can be tuned appropriately for photon absorption in the ultraviolet,
visible light and the near-infrared region of the solar spectrum. Hence, it is hypothesized
that phosphorene can act as a metal-free photocatalyst to degrade organic compounds in
the feed solution to make the membrane self-cleaning.
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B)

On a conductive surface over which a field is applied, adhesion of bacterial cells

can be prevented. When a positive charge is applied, it stimulates an oxidizing environment
for the bacteria, thus increasing bacterial surface mobility and preventing bacteria from
adhering to the surface. Conversely, a negative charge produces a repulsive electrostatic
force between the like charged bacteria and the surface. Thus, applying alternating charges
to a surface efficiently prevents bacteria from forming a biofilm [180].
To investigate these hypotheses, the objectives of this study are as followed:
Objective 1:

Exfoliation and stabilization of phosphorene

Phosphorene was chemically exfoliated from bulk black phosphorus by sonication and
centrifugation. A basic exfoliation technique in sodium hydroxide/ N-methyl pyrrolidinone
was chosen that produced a uniform dispersion of phosphorene in the exfoliation medium.
The phosphorene nanoparticles synthesized exhibited high yield and high stability in water.
By a substitution reaction, a hydroxide molecule was attached to phosphorene thus
impacting a negative charge on the surface making it stable in water. This was addressed
in chapter four.
Objective 2: Immobilization of phosphorene and synthesis of polymeric membrane
A blend of polymers was made from polysulfone and sulfonated poly ether ether ketone
and a homogeneous dope solution was prepared with N-methyl pyrrolidone. Poly ether
ether ketone (PEEK) was converted to sulfonated poly ether ether ketone by an
electrophilic aromatic sulfonation reaction. Phosphorene was physically immobilized into
the dope solution to form a membrane and a flat sheet, mixed matrix, nanocomposite
membrane was synthesized by immersion precipitation during the phase inversion process.
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These membranes were characterized via membrane autopsies for morphological and
structural changes. This was addressed in chapter four and five and six.
Objective 3: Determination of the catalytic properties of phosphorene
The ability of phosphorene to degrade organic compounds in the presence of light was
investigated. Phosphorene-modified membranes were used as the photocatalyst to
photodegrade methylene blue under ultraviolet (UV) and visible irradiation. These
membranes were also used to degrade per- and polyfluoroalkyl substances. The
photocatalytic ability and level of degradation of MB using phosphorene was analyzed by
fluorescence microscopy. This was addressed in chapter four and six and seven.
Objective 4: Contaminant removal
Perfluorooctanoic acid was used to examine the capability of phosphorene for
contamination removal. After filtration, the contaminated phosphorene membranes were
analyzed for levels of reversible and irreversible fouling propensities. The membranes were
also subjected to a secondary treatment via photolysis with ultraviolet irradiation and
oxygenation in aerobic conditions to destroy the contaminant. This was addressed in
chapter six.
Objective 5: Determination of the biocidal properties under an alternating electrical
potential
SPEEK and phosphorene-based membranes were synthesized and analyzed using crossflow filtration to determine their biocidal properties. Serratia marcescens was the model
bacteria and filtration was performed under alternating positive and negative voltage bias
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conditions. The biofouled membranes were examined for bacteria growth after three days.
This was addressed in chapter seven.
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CHAPTER 3. Materials and Experimental
3.

Methodology

3.1.

Materials

Black phosphorus used for the synthesis of phosphorene was purchased from Smart
Elements (Vienna, Austria) and the ultrasonicator model P70H was purchased from
Elmasonic P, Singen, Germany. For the sulfonation reaction, polysulfone (PSf), N-methyl
pyrrolidone (NMP), poly ether ether ketone (PEEK), and concentrated sulfuric acid were
purchased from VWR (Radnor, PA, USA). Methylene blue was purchased from VWR,
Radnor, USA. Sodium hydroxide (NaOH), bovine serum albumin (BSA), sodium chloride
(NaCl), phenolphthalein indicator and citric acid were also purchased from VWR, Radnor,
USA. A dead-end cell, Amicon Stirred Cell 8010–50 mL, was purchased from EMD
Millipore, Burlington, MA, USA. Perfluorooctanoic acid (PFOA) was purchased from
Sigma Aldrich (St Louis, MO, USA). For the biofouling experiments, the bacterial strain,
Serratia marcescens was purchased from ATCC (Manassas, VA, USA). The ingredients
used to prepare the nutrient agar solution (DifcoTM Nutrient broth, agar powder and
sodium chloride (NaCl, 99.5%), were purchased from VWR (Radnor, PA, USA). For
membrane filtration studies, the dead-end cell, Amicon Stirred Cell 8010–50 mL, was
purchased from EMD Millipore (Burlington, MA, USA). The cross-flow filtration cell was
purchased from Sterlitech (Kent, WA, USA).
3.2.

Preparation of phosphorene from black phosphorus.

Liquid exfoliation is a very promising typical method that has been extensively used to
prepare ultrathin 2D nanoparticles. The liquid exfoliation of black phosphorous was carried
out using previously developed methods [22]. Bulk black phosphorus (15 mg) was added
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to a NaOH/NMP solution (30 mL). The mixture was put in a sonicator (Elma Elmasonic
P, Germany) operated at 37 kHz frequency and 80% power for 4 hours for the liquid
exfoliation of bulk BP. After exfoliation, the solution was centrifuged at 3000 rpm for 10
min to remove any non-exfoliated bulk BP. The supernatant was then centrifuged at 4000
rpm for another 20 min to separate the relatively thick phosphorene from the NMP. The
precipitations obtained by the two separation processes were redispersed in water and the
solutions were washed in deionized water. Finally, 0.05 mL of the thick and thin
phosphorene water solutions were dropped onto silicon with a 280-nm SiO2 surface layer
(1 cm × 1 cm). Raman studies were carried out on silicon after drying in a vacuum dryer
(Cole-Parmer, Vernon Hills, IL).
3.3.

Preparation of sulfonated PEEK.

PEEK polymer was sulfonated using procedures reported in the literature [181, 182]. PEEK
was dried in a vacuum oven at 100◦C for 24 hrs. Thereafter, 25 g of PEEK was dissolved
in 250 ml of concentrated sulfuric acid (95–98%) and vigorously stirred at room
temperature for 3 days. Then, the polymer solution was gradually precipitated into ice-cold
water under mechanical agitation. The polymer suspension was left to settle overnight. The
polymer precipitate was filtered, washed several times with distilled water until the pH
became neutral, and dried under vacuum at 60◦C for 24 h. Figure 11 shows the sulfonation
process
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Figure 11: Sulfonation of PEEK to SPEEK [183].
3.4.

Determination of Degree of Sulfonation

The degree of sulfonation (DS) is the content of hydrogen sulphite present after all possible
substitution for hydrogen sulphite has occurred on all points in the substitution site[184].
For SPEEK, sulfonation usually happens on the phenyl ring located between the two ether
groups of the PEEK repeat unit[185]. SPEEK with a high degree of sulfonation (DS) has a
relatively low chemical stability[186]. Hence, it is necessary to calculate DS. To
quantitatively determine the DS, the 1H NMR spectra of SPEEK in a deuterated solvent,
dimethyl sulfoxide (DMSO-d6) was carried out. At a frequency of 400MHz, a Bruker
(Billerica, MA, USA) Avance NEO spectrometer equipped with a Smart Probe was utilized
for this experiment. 5wt% of SPEEK was dissolved in DMSO-d6. The internal standard
used was DMSO at 2.5 mg/L. The assignment of the peak signals was from literature[187].
The presence of –SO3H group after substitution results in a down field shift of the nearest
neighboring proton (H10) as seen in Figure 12. Using equation 3, the DS was estimated
from the ratio between the peak area of H10 and the total integrated peak area of all the
remaining aromatic protons (Hx, where x =1,2,3,4,5,6,7,8,9,11).
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𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒐𝒐𝒐𝒐 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 (𝑯𝑯𝟏𝟏𝟏𝟏 )

∑ 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒐𝒐𝒐𝒐 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

=

𝒚𝒚

𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑯𝑯𝟏𝟏𝟏𝟏

=∑

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑯𝑯𝑿𝑿

( 0 ≤ y ≤ 1)[184]

(3)

Figure 12: Nomenclature of aromatic protons of SPEEK
3.5.

Membrane preparation

In the process of membrane formation via phase inversion, a membrane is made by casting
a polymer solution on a support and then bringing the solution to phase separation by means
of solvent outflow, and/or nonsolvent inflow. Thus, in most cases at least three components
are involved: a polymer, a solvent, and a nonsolvent [188]. During the phase inversion
process, a thermodynamically stable polymer solution is converted from a liquid into a
solid state in a controlled manner. This solidification is preceded by a liquid–liquid
demixing. A certain time after initiation of the demixing into a polymer-rich and a polymerlean phase, the phase with the highest polymer concentration starts solidifying through
processes like gelation or crystallization. The polymer-lean phase leads to the pores in the
solidified material, while the polymer-rich phase leads to the solid membrane matrix [189].
The blended polymer dope solution was prepared by dissolving PSf and SPEEK (95/5%)
into NMP. Exfoliated black phosphorus was added to the solution (0.5% wt. volume) and
sealed with parafilm to prevent air bubbles from being trapped inside the solution and
affecting the homogeneous mixing of the solvent and the solute. The blended solution was
placed on a magnetic stirrer and heated at 65˚C for 2 days. It was degassed in a sonicator
to get rid of air bubbles for 1hr. The blended solution was spread on a glass plate with a
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doctor blade at a wet thickness of 0.250 mm and exposed to air for 12 s. A clean glass
mirror was used as a surface, which provides optimum hydrophobicity to the membranes
and helps for detachment of polymer films during phase inversion [190]. The glass plate
and dope solution were immersed in a coagulation bath of deionized water and the
membrane was formed via the process of phase inversion. The membranes formed were
subsequently washed thoroughly with deionized water to remove residual solvent and kept
in deionized water before testing.
3.6.

Membrane Characterization

3.6.1. Flux Analysis
Dead end filtration was used to monitor the flux decline of the membrane. Filtration
experiments were performed using Amicon filtration cell (Amicon Stirred Cell 8010 – 50
ml). Using a constant membrane surface area of 13.4 cm2, the time to collect a 2-ml
permeate sample was measured for each feed and flux was calculated. A constant pressure
of 20 psi (1.37 bar) and continuous stirring were applied in all tests. Flux values were
calculated as L/m2-hr from equation 4 and plotted against the total time of filtration.
Membrane samples were cut into circular pieces of area 13.4cm2 and supported by a
WhatmanTM filter paper (110 mmø). Each membrane was precompacted with DI water
until a stable flux was reached. Precompaction was followed by filtration of protein
solutions of 1000 ppm each of bovine serum albumin (BSA) protein in water. The
concentrations of the proteins were determined using a total organic carbon analyzer
(Teledyne Tekmar Fusion, Mason, Ohio) and the protein rejection was calculated
according to following equation[191]:
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� × 100%

where Cp and Cf are solute concentrations in permeate and feed solutions, respectively.
After water filtration, reverse flow filtration using DI water was performed to remove
reversibly-attached foulants that were not adsorbed to the membrane, and the filter paper
support was changed. The flux recovery of the membrane was measured afterwards.
3.6.2. Contact angle measurement
Contact angle is defined as the measure of wettability of a surface. A drop shape analyzer
(Kruss DSA100, Matthews, NC) was used for the contact angle measurement of all the
membrane samples. A small drop of water was placed on the membrane surface and
resultant angle of the droplet to the surface was measured [192]. The higher the
hydrophobicity of the membrane, the higher the contact angle.
3.6.3. Zeta potential
Zeta (ζ) potential is the potential in the interfacial double layer (DL) at the location of the
slipping plane versus a point in the bulk fluid away from the interface. It is the potential
difference between the dispersion medium and the stationary layer of fluid attached to the
dispersed particle [193]. It is used to characterize the surface charge property of membranes
at different pH environments. This analysis is particularly important to understand the acidbase properties and to predict the separation efficiency of membranes [194]. Surface charge
is analyzed by measuring the zeta potential using an Anton Paar SurPASS electrokinetic
analyzer (Anton Paar, Ashland, VA) in surface analysis mode. Before analysis, membranes
are rinsed with copious amounts of DI water to remove any residual solvent. The KCl
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electrolyte solution used in these measurements has an ionic strength of 1.0 mM. The pH
values for the various readings are adjusted using 0.5 M NaOH and 0.5 M HCl solutions.
3.6.4. Raman Studies
When light is scattered from a molecule or crystal, most photons are elastically scattered.
The scattered photons have the same energy (frequency) and, therefore, wavelength, as the
incident photons. However, a small fraction of light is scattered at optical frequencies
different from, and usually lower than, the frequency of the incident photons. The process
leading to this inelastic scatter is termed the Raman effect. Raman scattering can occur
with a change in vibrational, rotational or electronic energy of a molecule. Raman
scattering occurs only when the molecule is polarizable. If the scattering is elastic, the
process is called Rayleigh scattering. If it’s not elastic, the process is called Raman
scattering [195, 196]. Raman spectroscopy is a vibrational technique. The number of
normal modes of vibration of a molecule with N atoms can be determined from the
displacements of each atom in the x, y, and z directions. There are 3N such displacements,
but 3 of these result in translation of the whole molecule in the x, y, and z directions, and
3 result in molecular rotations. Thus the molecule has 3N-6 normal modes of vibration [
3N-5 if the molecule is linear, since there is no rotation possible about the molecular
axis[197]. Symmetry species of translations, rotations, and vibrations can be determined
by considering the character of the representation spanned by Cartesian vectors localized
on each atom[198]. In a crystal, these vibrations are observed as phonons. In an inelastic
process, like the Raman scattering, light is scattered and a phonon or normal mode is
created or destroyed[199]. For a vibration to be active in a Raman spectrum, the vibration
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must change the polarizability of the molecule. Using the group theory and character tables,
vibrational modes can be assigned to a molecule. Raman spectroscopy has been widely
used to understand the electronic and vibrational properties, as well as their dependence on
the thickness of various 2D layered materials [200, 201]. Raman spectroscopy is a very
practical tool for quickly identifying molecules and minerals. The pump radiation was
supplied by a laser operating at a wavelength of 632 nm; the Raman emission was collected
by a 100x objective in a backscattering geometry.
3.6.5. Liquid-Liquid Porometer studies
In liquid-liquid displacement porometry (LLDP), a pair of immiscible liquids with low
interfacial tension is used. The procedure is to wet the membrane with one liquid, the
wetting liquid, and then displace it with the other. By measuring the pressure and the flow
through the membrane, the corresponding pore radius can be calculated using the Cantor
equation in equation 5[202].
𝑃𝑃 = �

2𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾
𝑟𝑟𝑝𝑝
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where P is the pressure, γ the interfacial tension, θ the contact angle and rp the pore radius.
The contact angle is assumed to be zero. The LLP-11000A by PMI, Ithaca, NY, was used
in this experiment. Isopropanol was used as the displacing liquid and sliwick oil as the
membrane-wetting liquid.
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3.6.6. Morphological characterization
Environmental scanning electron microscopy (ESEM) was used to verify the asymmetric
morphology of the membranes and monitor the surface of both unmodified and modified
membranes. A FEI Quanta 3D FEG Dual Beam Electron Microscope (FEI, USA) was used
to test the samples. By freezing small samples of the membranes in liquid nitrogen and
cracking them, smooth cross-sectional areas could be observed. To obtain an image of the
cross-section of the membranes, the frozen and cracked samples were attached vertically
to a carbon tape while the samples were attached horizontally to the carbon tape to get an
image of membrane surface. The surfaces of the samples were dusted with a thin layer of
palladium-gold using a Cressington 108 auto sputtering device and then observed under
scanning electron microscope. The Quanta has an Energy Dispersive X-ray spectroscope
(EDX) attached to it, so the EDX analysis was also performed on the sample.
3.6.7. Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR is commonly used in the study, identification, degradation and characterization of
polymeric structures[203]. Molecules can absorb light in the infrared region that usually
translates into changes in the vibrational frequency[204]. Apart from diatomic elemental
gases, all compounds exhibit infrared spectra and can be analyzed qualitatively by their
distinctive infrared absorption[204]. Functional groups possess characteristic infrared
absorption bands that are synonymous to the stretching, contracting, and bending vibrations
of the functional groups. These vibrations are expected within specific regions on the
spectra and are influenced by the kind of chemical bonds present in the functional group,
as well as the atoms which make up the group[205]. The infrared region of the spectra is
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divided into three basic regions which are the near-IR, mid-IR, and far-IR. The mid-IR,
which falls under wavelength numbers spanning from 400 up to 4000 cm-1, is where most
chemical molecules absorb frequencies and exhibit vibrations [206].
3.6.8. Transmission Electron Microscopy (TEM) and HAADF-STEM
Exfoliated phosphorene samples were prepared and added dropwise onto a carbon film on
a copper grid (Lacey carbon film, 300 Mesh Cu, TED Pella Inc.). The lacey carbon film
was then left in a hood overnight to completely dry the solvent. High-resolution
transmission electron microscopy (HR-TEM) was performed on a FEI Talos F200X
instrument operated at an accelerating voltage of 200 kV and with a point-to-point
resolution of 0.1 nm. The TEM images were obtained at typical magnifications of 100 K
to 1.05 M. Velox digital micrograph software was used to analyze the samples and Image
J was used to estimate nanoparticle size. Scanning transmission electron microscopy
(STEM) was performed on the same instrument (FEI Talos F200X, using a high angle
annular dark field Detector (HAADF) at 200kV. HAADF-STEM image intensity is
reported to be proportional to square of the atomic number, so heavy atoms are observed
brighter. The phosphorene nanoparticle composition and element distribution were
determined via FEI super energy-dispersive X-ray spectroscopy (EDX) system.
3.6.9. Optical Profilometer
The surface morphology of membranes influence the fouling pattern, membrane
permeability as well as the solute rejection of the membrane[207]. Studies have shown
that smoother surfaces tend to exhibit lower rejection and higher flux values, whereas,
rougher surfaces exhibit higher rejection and lower flux values[208]. Atomic force
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microscopy (AFM) is the most common technique used for characterization of membrane
surface roughness because of ease of use and functionality in different environments[209],
but a major drawback is the limitation on scan surface area. Given that surface roughness
is a function of scan size, a small scan area may be misrepresentative of the true overall
surface roughness[210]. Optical interferometry on the other hand, provides roughness
information over a larger scan size and thus more accurate information can be deduced on
the membrane surface roughness[209]. Optical profilometers are used to evaluate height
variations on surfaces hence information on the surface roughness of the surface can be
obtained. They are interference microscopes that utilize the wave properties of light to
compare the optical path difference between a test surface and a reference surface. Surfaces
can be characterized quickly and precisely to determine surface roughness, critical
dimensions, and any additional topographical features. Measurements made are usually
nondestructive and do not require sample preparation. The Zygo New View 7000 optical
profilometer (Zygo Corporation, Middlefield CT, USA) was used to characterize the
surface of the phosphorene modified membrane as well as the unmodified membrane. The
scan length was 65 µm bipolar (20 secs) and the magnification of the objective lens was
50x. Two dimensional and three-dimensional images were obtained for analysis.
3.6.10. Surface roughness characterization
For nanofiltration membranes, factors that affect the extent of fouling irrespective of
foulants on the membrane include membrane surface roughness, surface charge and surface
hydrophobicity[211]. The surface roughness of the membranes were measured after
reverse flow filtration to determine the effect of PFOA fouling on the roughness of the
49

membrane. An atomic force microscope (AFM) (Bruker Dimension Icon, Santa Barbara,
CA, USA ) was used. A membrane area of 20 × 20 µm was chosen. Data were collected
under peakforce tapping mode and evaluated by the average root-mean-squared (RMS)
roughness
3.6.11. Surface Fluorescence Characterization
To determine the level of fouling by MB after each experiment, the membranes were
imaged under a fluorescent microscope. Images where recorded on a Zeiss 880 NLO
upright confocal microscope (Thornwood, NY, USA) with a 10 × air objective. The
membranes were sandwiched between microscope slides and wetted with water for
smoothing them out. Tiles, showing the full field of over a z-range to cover the slightly
non-planar geometry of the membrane, were stitched together in a format of 3×3, reflecting
a representative cover. Methylene blue was excited with a 633 nm laser and emission was
collected over a spectral range of 642 to 759 nm.
3.7.

Leaching Studies

The stability of static phosphorene within the pores of the membrane was examined using
a cross flow cell, the schematic is shown in Figure 13 in recycle mode. The feed solution,
deionized water, was stirred at a rate of 200 rpm. The phosphorene-imbedded membrane
was left in continuous contact with the deionized water flowing through the cell for fifteen
days. Samples were taken daily from the beaker and tested for presence of phosphorus
using an inductively coupled plasma atomic emission spectroscopy (ICP-OES). During the
membrane formation process via phase inversion in a water bath, samples of the remnant
water-solvent mixture were obtained and tested for phosphorene. Furthermore, the stability
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of the phosphorene membranes at various pH levels was tested at room temperature. For
the stability studies, concentrations of phosphorene in the dope solutions were 650, 800
and 1000 mg/L. Phosphorene membranes with an area of 100 cm2 were left in 100 ml of
citric acid at pH 4, sodium hydroxide at pH 13, and deionized water at pH 7, respectively
for 72 hrs. and samples were collected and analyzed for phosphorus using the ICP-OES.
The detection limit was 60ppb.

Figure 13: Schematic of Leaching Study Setup
3.8.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) Study

A Varian Vista Pro CCD simultaneous ICP-OES was used to determine the concentration
of phosphorus in permeate samples. The power used was 1.2kW, plasma flow rate of 15
L/min, auxiliary flowrate of 1.5 L/min, nebulizer flowrate of 0.9 L/min, the replicate read
time was 35 s and the instrument stabilization delay was 20s. Samples were acidified to a
pH <5.5. A 25-ppb analytical detection limit was established with phosphorus calibration
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standards prepared in 1% HNO3. Standard curve correlations maintained a correlation
coefficient > 0.995. Sample measurements were read in triplicate. Quality control measures
included a diluent blank, standard control, and yttrium internal standard measurements with
each sample reading. The ICP-OES was also utilized to measure phosphorous
concentrations in free phosphorene exposure solutions used in toxicity testing (described
below) as well as in permeates generated by filtering media through phosphorene
membrane.
3.9.

Toxicity Testing

For toxicity testing phosphorene was transferred from solvent into DI water for triple
washing. The washing steps required centrifugation at 12,000 g for 20 min, removal of
supernatant leaving phosphorene pellet intact on the bottom of the tube and replenishing
with DI water. After third wash, the exposure medium was added. Two media used for the
exposures were 50% K-Medium (31.68 mM KCl and 51.37 mM NaCl) and Moderately
Hard Reconstituted Water (MHRW; KCl 4 mg/L, MgSO4 60 mg/L , CaSO4 60 mg/L,
NaHCO3 96 mg/L) [212] . The protocols for toxicity screening have been modified from
previously established C. elegans toxicity testing methods [213, 214] . Wild-type N2 strain
of C. elegans were obtained from Caenorhabditis Genetics Center (CGC). The nematodes
were age-synchronized and the eggs placed on K-agar plates with Escherichia coli OP50
as a food source [215] . For mortality, the L3 stage nematodes were exposed to
concentration range of Phosphorene from 0 to 60 mg/L in two media, 50% K-medium and
MHRW. The 24-well tissue culture plates were used for exposures with 1 mL of the
solution and 10 (±1) nematodes per well, with 4 replicates per concentration. Mortality was
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scored after 24 h. The testing for all concentrations was conducted in two independent
experiments. For reproduction, eggs were hatched on K-agar plates with E. coli OP50
bacterial lawn, and after 24 h the nematodes at F2 stage were placed into the exposure
solutions for 24 h. In each treatment, the nematodes were exposed to four sub-lethal
concentrations of Phosphorene in 50 K-Media or MHRW. The exposures were conducted
in the presence of bacterial food, E. coli OP50 at OD600=1 and 10 ul per ml of exposure
solution. After exposures individual nematodes were placed on K-agar plates containing
E. coli OP50 and allowed to reproduce. The adults were transferred to the new K-agar
plates every 24 h up to 72 h. The offspring that remained on the plate were allowed to hatch
and grow for 24 h and after that were stained with Rose Bengal (0.5 g/L) and heated at 55
°C for 50 min. The stained offspring were counted under microscope. The mortality testing
were also conducted with 1, 3, and 5 order of permeates generated after filtering K-medium
or MHRW through phosphorene membrane.
3.10.

Biofouling Studies

To study the antimicrobial properties of phosphorene, fouling studies were done using
Serratia marcescens subsp. marcescens Bizio (ATCC 13880). Serratia marcescens subsp.
marcescens was selected to investigate the inhibitory effect of different phosphorene
modified membranes on bacterial growth. BactoTM tryptic soy broth (Becton, Dickinson,
and Company) was prepared based on the manufacture’s direction, then autoclaved to
remove all possible bacterial contamination, and used as a growth media to culture Serratia
marcescens. Bacterial solution was prepared by overnight growth of Serratia marcescens
at 27℃ in tryptic soy broth. The number of bacteria was counted after serial dilution on
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tryptic soy agar which was 9.5 × 108 CFU/mL. Assessing the bacterial growth in the
presence of different membranes was investigated on DifcoTM tryptic soy Agar (Becton,
Dickinson and Company). Agar solution was prepared and autoclaved to remove all
bacteria. Then, agar plates were prepared aseptically by adding autoclaved agar solution
into each plate under a laminar flow hood.
To investigate the specific role of electrical potential in bacterial detachment and
inactivation when a voltage is applied through phosphorene, the bacteria solution was then
filtered through the membrane. The filtration experimental setup consisted of a custom
built cross-flow filtration cell (Sterlitech CF016A, Kent, WA) designed with built-in
insulated titanium electrodes capable of delivering an electric charge to the membrane thin
film surface (effective membrane surface area was 21.6 cm2). The electrodes were
connected to a voltage generator (Circuit Specialists CS15003X5, Tempe, AZ). During
operation, a peristaltic pump (Varian Prostar 210, Santa Clara, CA) was used to deliver a
pressurized feed stream at 4.13 bar over the membrane. Experiments were done under no
charge and then alternated positive and negative signal at 1.5V for 1 minute each. This was
done for thirty minutes. This was done on unmodified and phosphorene-modified
membranes. After filtration, the membranes were placed on an agar plate and left for 3
days. One agar plate was considered as a negative control to verify negative bacterial
growth on the prepared agar under sterile condition. Membrane sterilization was done by
rinsing the membranes with alcohol. To verify the membrane sterilization process, one
negative control plate was considered for each membrane by laying a sterile membrane
[round, 21.6cm2] from the last part on the prepared sterile agar plate. Then the negative
control was incubated for 24 hours at 27℃. The negative growth of bacteria on the
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membrane verified the membrane sterilization with alcohol. Three positive controls were
prepared by adding 10 ml of Serratia marcescens on the top of the tryptic soy agar plate
with sterile membrane and then incubated for 24 hours at 27℃. Figure 14 shows a
schematic of the experimental setup. Temperature was measured during the experiments
and it remained constant at 28˚C.

Figure 14: Biofouling experimental setup

3.11.

Ultra Performance Liquid Chromatography- Mass Spectrometry (UPLC-MS)

PFOA was measured by UPLC coupled electrospray ionization tandem mass spectrometry.
A bench top binary Shimadzu chromatograph (Model: LC-20 AD) and SIL 20 AC
autosampler interfaced with an AB SCIEX mass spectrometer (MS/MS) (Model: 4000 Q
TRAP) were used.

In this study, since PFOA was the target analyte, mass labeled

perfluoro-n-[1,2,3,4-13C4] octanoic acid as surrogate standard (SS), and mass labeled
perfluoro-n-[1,2,3,4-13C4] heptanoic acid as internal standard (IS) were used. Filtered and
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diluted water samples (1.0 mL) were prepared containing 40 ng/L SS and 20 ng/L IS. The
SS spiked samples, continuous calibration verification (CCV), reagent blank and IS-blank
were used as quality controls (QC). Target analyte concentrations and QC performance of
the method were determined using IS based calibration curves. A gradient elution of mobile
phase containing 20 mM ammonium acetate in pure water (A) and pure methanol (B) was
used with a Macherey Nagel analytical column EC 125/2 NUCLEODUR C18 gravity
packed with 5 µm particle (length 125 x 2 mm ID) at a constant flow rate of 0.4 mL/min.
A 13.51 min gradient with composition of B was started 40% at 0.01 min, 65% at 1 min,
90% at 6 min, 95% at 11.5 min, 40% at 13.51 min with 2 min equilibration time. A volume
of 5 µL of standard or samples was injected. Data were collected in negative multiple
reaction monitoring (MRM) mode with monitoring of quantitation and qualifier ions for
PFOA, SS and IS. Data acquisition and process were performed using AB Sciex Analyst
version 1.4.2 and Multiquant version 3.0 software, respectively. The precursor and product
ions monitored were PFOA 412.912 > 368.7, 168.7 m/z; SS 416.946 > 371.9 171.7 m/z;
IS 366.897 > 321.7, 171.6 m/z were obtained. Bold face indicates the quantitation ions.
The PFOA, SS and IS were eluted from column at retention times of 6.57, 6.58, 6.03 min,
respectively. Average spiked SS recovery was for 99.2% and average analyte CCV
recoveries 105.4%. Limit of detections (LOD) for target analytes were 0.25 ng/mL at S/N=
4. Seven calibration points with linear dynamic range (LDR) were 1.0 - 160 ng/mL with
R2 values of 0.9986. MS was operated with curtain gas 30 psi, negative ESI 4500-volt,
temperature 300 oC, and ion sources gas (GS1/GS2) 30 psi.
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CHAPTER 4. Self-Cleaning Nanocomposite Membranes with PhosphoreneBased Pore Fillers for Water Treatment
This chapter has been published in the following report on an open access journal:
Eke, Joyner, Katherine Elder, and Isabel C. Escobar. "Self-cleaning nanocomposite
membranes with phosphorene-based pore fillers for water treatment." Membranes 8, no. 3
(2018): 79.[216]

4.1.

Introduction

Nanomaterials with tunable properties show promise for numerous technologies [3, 4, 217,
218] because of their size-dependent electronic structure and controllable physical
properties. Two-dimensional nanomaterials are materials that can be isolated as
freestanding one atom thick sheets [6]. They are typically generated from bulk-layered
crystalline solids [7]. These solids consist of successive layers of covalently bonded atomic
layer planes ranging from one to multiple atoms thick, separated successively by van der
Waals gaps [8]. Phosphorene distinguishes itself from other 2-D layered materials by its
intrinsic structural anisotropic features [219]. Unlike graphene, phosphorene combines a
high carrier mobility with a fundamental band gap [14], which imparts an intrinsic finetuning ability [220], thereby providing numerous opportunities for research. Specifically,
relevant to the field of membrane science, the band gap of phosphorene provides it with
electronic [221] and photocatalytic [179] properties, which could be explored in making
reactive membranes that could simultaneously remove and destroy compounds. Using
theoretical computational studies, Liang et al. [222] and Zhang et al. [223] studied the
performance of self-passivated porous phosphorene membrane in hydrogen purification.
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The results showed excellent permeance and significant selectivity for hydrogen over
carbon dioxide, methane, and nitrogen, which suggests that phosphorene shows potential
for hydrogen purification. However, no experimental studies were performed.
Nanocomposite membranes are membranes that consist of polymeric or ceramic materials
and nanomaterials. Nanoparticles can be deposited on the surface or embedded within the
membrane matrix to impart useful functionality, enhance membrane separation, and antifouling properties [224]. Phosphorene exhibits a strong interaction with light, which is
considered highly desirable in photocatalysis applications. With the high toxicity and
corrosive issues encountered with metal-based photocatalysts (oxides, sulfides, and
nitrides of titanium, tungsten, cadmium, and transition-metal dichalcogenides),
phosphorene can act as a metal-free photocatalyst to degrade organic compounds in the
feed solution to make reactive and self-cleaning membranes. Through liquid and/or
mechanical exfoliation or direct synthesis, two-dimensional materials can be either
assembled as a thin active layer on the membrane surface or incorporated into the
membrane polymer matrix [225]. The degradation of phosphorene obtained by liquidphase exfoliation occurs more slowly than that for phosphorene prepared by mechanical
cleavage [34]; therefore, liquid-phase exfoliation of black phosphorus was chosen and was
carried out in a basic medium, since this technique produces phosphorene with high water
stability and controllable size and layer number [22].
The purpose of this study was, for the first time, to experimentally determine the viability
of exfoliated phosphorene to be embedded in a polymer matrix to fabricate self-cleaning
membranes. To fabricate membranes, a polymer blend was used to obtain a polymer
material with properties intermediate between those of the pure components. The
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hydrophilic–hydrophobic balance, as well as other properties, such as physical structure
and surface/pore charge of a membrane system, were altered since the membrane was
prepared from a multi-component polymer blend [87]. For this study, the base membrane
dope solution consisted of a blended polymer prepared by dissolving polysulfone (PSf) and
sulfonated poly ether ether ketone (SPEEK) in a (95/5%) ratio into N-methyl pyrrolidone
(NMP). SPEEK is a hydrophilic and negatively charged polymer with low permeability
and mechanical strength; on the other hand, while PSf has good chemical resistance, high
thermal stability, and good mechanical properties, it is hydrophobic and has poor solubility
in solvents. The blend of PSf and SPEEK has been shown to result in a membrane with
higher water permeability and permselectivity as compared to the pure polymers [226].
Using physical mixing between the blended membrane polymer dope and phosphorene,
van der Waals interactions were formed between the constituents, and hence, phosphorene
nanoparticles were incorporated into the dope solution. Methylene blue (MB) was filtered
through the membranes under ultraviolet light, and the permeability and selectivity of the
membranes were determined. The goal of this study was to determine if the addition of
potentially photocatalytic phosphorene to polymeric membranes operated under
intermittent UV irradiation would be able to produce self-cleaning membranes, as shown
in Figure 15.
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Figure 15: Preparation of a phosphorene-incorporated nanocomposite membrane

4.2.

Experimental

4.2.1. Materials
Bulk black phosphorus was purchased from Smart Elements Inc., Vienna, Austria.
Powdered PEEK, N-methyl-2-pyrrolidone (NMP), sodium hydroxide, and concentrated
sulfuric acid (95–98%) were purchased from VWR, Radnor, PA, USA and Polysulfone
(Solvay, Princeton, NJ, USA).
4.2.2. Exfoliation of Phosphorene from Black Phosphorus
The liquid exfoliation of black phosphorous (BP) was carried out using previously
developed methods [22]. Bulk black phosphorus (15 mg) was added to 15 ml of NaOH and
15 ml of NMP solution in a ratio of 1:1. To exfoliate bulk black phosphorus, the mixture
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was sonicated using an ultrasonicator (P70H, Elma Elmasonic P, Singen, Germany)
operated at 37 kHz frequency and 80% power for 4 h. After exfoliation, the solution was
centrifuged at 3000 rpm for 10 min and it separated into two phases (exfoliated and nonexfoliated bulk BP), the non-exfoliated bulk BP was then discarded. The supernatant
(exfoliated BP) was centrifuged at 4000 rpm for another 20 min to obtain fewer layers of
phosphorene from NMP. The precipitations obtained were redispersed in water and the
solutions were rinsed in deionized water for Raman studies. Raman studies were done on
a silicon chip.
4.2.3. Membrane Preparation
The blended polymer dope solution was prepared by dissolving PSf and SPEEK (95/5%)
into NMP. Exfoliated black phosphorus was added to the solution (0.5% wt./vol) and
sealed with parafilm to prevent air bubbles from being trapped inside the solution and
affecting the homogeneous mixing of the solvent and the solute. The blended solution was
placed on a magnetic stirrer and heated at 65 °C. It was degassed in a sonicator to remove
air bubbles for 1 h. The blended solution was spread on a glass plate with a doctor blade at
a wet thickness of 0.250 mm and exposed to air for 12 s. A clean glass mirror was used as
a surface, which provided optimum hydrophobicity to the membranes and helped the
detachment of polymer films during phase inversion [227]. The glass plate and dope
solution were immersed in a coagulation bath of deionized water and the membrane was
formed via the process of phase inversion. The membranes formed were subsequently
washed thoroughly with deionized water to remove residual solvent and kept in deionized
water before testing. The thickness of the membrane was maintained at approximately 150
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microns. By physical mixing between the blended membrane polymer dope and
phosphorene, phosphorene nanoparticles were incorporated into the dope solution.
Polymers that have similar solubility parameters with solvents are miscible [228], and
closer values typically indicate better compatibility [229]. The solubility parameters of the
polymers used for this experiment were the following: polysulfone, 21.2 (MPa1/2) [230]
and sulfonated polyetheretherketone, 26.2 (MPa1/2) [231] and the solvent, NMP has a
solubility parameter of 22.4 (MPa1/2) [232]. These values indicate that the membrane made
with these polymers–solvent combinations should be stable.
4.2.4. Flux Analysis
Flux analysis was performed in accordance with previously published studies [191] and
will be summarized here. Filtration experiments were performed in batch mode but under
continuous stirring using an Amicon filtration cell (Amicon Stirred Cell 8010–50 ml,
Burlington, MA, USA). The method used to monitor the flux performance of the membrane
was dead-end filtration. To determine flux through the membrane, the time to collect a 2ml permeate sample was measured for each feed. Surface area and pressure were kept
constant for the duration of the experiment. The active filtration area was 13.4 cm2 and the
pressure was 2.06 bar (30 psi). Flux values were calculated as L/m2h and plotted against
the total time of filtration. Membrane samples were supported with WhatmanTM filter paper
(110 mm). Each membrane was precompacted with deionized (DI) water until a stable flux
was reached. Precompaction was followed by filtration of dye solutions of 10 ppm each of
methylene blue (MB) in water. The concentrations of the dye were determined using a bioplate reader and the dye rejection was calculated according to Equation (6) [191]:
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R = (1 − (Cp/Cf)) × 100%

(6)

where Cp and Cf are solute concentrations in permeate and feed solutions, respectively.
After water filtration, reverse-flow filtration using DI water was performed to remove
reversibly attached foulants that were not adsorbed to the membrane, and the filter paper
support was changed. The flux recovery of the membrane was measured afterwards
4.2.5. Filtration Experimental Setup
Phosphorene was immobilized into PSf-SPEEK membranes. The resulting membrane was
tested for the photo degradation and mineralization of an organic dye, methylene blue
(MB), under near-UV/Vis (Spectroline Model EA-160, Westbury, NY, USA) and in
continuous operation mode. To examine the effects under visible light, two similar
experiments were set up with the filtration cell, one completely covered by aluminum foil
to prevent penetration of sunlight, and irradiated with UV light for 30 min, while the other
was uncovered. The wavelength of UV was 365 nm. The permeates were analyzed via a
bio-plate reader at 662 nm (Biotek Instruments, Winooski, VT, USA).
4.2.6. Contact Angle Measurement
Contact angle is a measure of the wettability of a surface. Here, a drop shape analyzer
(Kruss DSA100, Matthews, NC, USA) was employed to carry out the contact angle
measurement of all the membrane samples. The process for taking a measurement involved
adding a small drop of water on the membrane surface and measuring the resultant angle
of the droplet to the surface [233]. Hydrophilic materials display lower contact angles as
compared to more hydrophobic materials.
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4.2.7. Zeta Potential
Zeta (ζ) potential is the potential difference between the dispersion medium and the
stationary layer of fluid attached to the dispersed particle [193]. It is used to determine the
surface charge of materials under different pH environments. For this study, an Anton Paar
SurPASS electrokinetic analyzer (Anton Paar, SurPASS, Ashland, VA, USA) in surface
analysis mode was used. To ensure the removal of solvents from the membrane surface,
membranes were rinsed with DI water before running analysis. The ionic strength of the
potassium chloride electrolyte solution used in these measurements was 1.0 mM.
Measurements were done under several pH environments and the pH was adjusted using
0.5 M NaOH and 0.5 M HCl solutions.
4.2.8. Raman Studies
The theory of Raman spectroscopy is discussed elsewhere [29,30], and briefly summarized
here from those. When light is scattered from a molecule or crystal, most photons are
elastically scattered. The scattered photons have the same energy (frequency) and,
therefore, wavelength, as the incident photons. However, a small fraction of light is
scattered at optical frequencies different from, and usually lower than, the frequency of the
incident photons. The process leading to this inelastic scatter is termed the Raman effect.
Raman scattering can occur with a change in vibrational, rotational, or electronic energy
of a molecule. Raman scattering occurs only when the molecule is polarizable. If the
scattering is elastic, the process is called Rayleigh scattering. If it is not elastic, the process
is called Raman scattering [196, 234]. Raman spectroscopy is a vibrational technique. In
an inelastic process, like the Raman scattering, light is scattered and a phonon or normal
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mode is created or destroyed [216]. For a vibration to be active in a Raman spectrum, the
vibration must change the polarizability of the molecule. Using the group theory and
character tables, vibrational modes can be assigned to a molecule. Raman spectroscopy has
been widely used to understand the electronic and vibrational properties, as well as their
dependence on the thickness of various 2-D layered materials [200, 201]. The pump
radiation was supplied by a laser operating at a wavelength of 632 nm; the Raman emission
was collected by a 100× objective in a backscattering geometry. A He-Ne laser was used
at a power of 20 mW, but a neutral density filter was done on the sample so the laser spot
on the sample had less than 0.1 mW.
4.2.9. Liquid–Liquid Porometer Studies
A porometer model LLP-11000A (PMI, Ithaca, NY, USA) was used in this study. The
procedure involves a pair of immiscible liquids, of which the liquids used to wet the
membrane, is referred to as the wetting liquid (isopropanol in this case), while the second
liquid (sliwick oil) is used to displace it. By measuring the pressure and the flow through
the membrane, the corresponding pore radius can be calculated using the Cantor Equation
(7) [235] and the contact angle is assumed to be zero:
P = (2γcosɵ/rp)

(7)

where P is the pressure, γ is the interfacial tension, θ is the contact angle, and rp is the pore
radius.
4.2.10. Morphological Characterization
A FEI Quanta 250 FEG Dual Beam Electron Microscope (FEI, Hillsboro, OR, USA),
which has an energy dispersive X-ray spectroscope (EDX) attached to it (Oxford
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Instruments, X-Max), was used to characterize the samples here. To visualize clearer
images, small samples of the membranes were frozen in liquid nitrogen before cutting.
Cross-section imaging of the membranes was achieved by vertical attachment to a carbon
tape, while surface imaging of the samples was achieved by horizontal attachment. The
surfaces of the samples were sputtered with a thin layer of palladium-gold using a
sputtering device (Emscope SC400, Kent, United Kingdom) and then observed under a
scanning electron microscope, and then the EDX analysis was performed on the sample.
4.2.11. Surface Fluorescence Characterization
To determine the level of fouling by MB after each experiment, the membranes were
imaged under a fluorescent microscope. Images where recorded on a Zeiss 880 NLO
upright confocal microscope (Thornwood, NY, USA) with a 10× air objective. The
membranes were sandwiched between microscope slides and wetted with water for
smoothing them out. Tiles, showing the full field of over a z-range to cover the slightly
non-planar geometry of the membrane, were stitched together in a format of 3 × 3,
reflecting a representative cover. Methylene blue was excited with a 633 nm laser and
emission was collected over a spectral range of 642 to 759 nm.
4.3.

Results and Discussion

Using dynamic light scattering, the average hydrodynamic diameter of the phosphorene
nanoparticles after exfoliation was found to average 1.87 nm. To confirm that few-layer
phosphorene was fabricated, thin phosphorene films were first identified using optical
microscopy before being studied under the Raman microscope. Raman spectroscopy was
used to analyze few-layer phosphorene (i.e., between 2–5 layers) after exfoliation. Sample
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analysis was performed under ambient conditions. As seen in Figure 16, Raman bands were
observed at 463 cm−1, 436 cm−1, and 359 cm−1, assigned to the one out-of-plane mode A1g
and two in-plane modes, B2g and A2g (A1g, B2g, and A2g represent vibrational modes) of
few-layer phosphorene corresponding to observed values from the literature [236].

Figure 16: Phosphorene characteristic Raman bands

Figure 17 A,B shows the cross-section of the pore structure of SPEEK membranes before
and after the addition of phosphorene, respectively, while Figure 17 C,D shows the surface
images of both membranes before filtration. By comparing images, it was confirmed that
phosphorene was immobilized into the membranes. The phosphorene membranes showed
spherical-looking structures present in the pores, which upon analysis by EDX, were
confirmed to come from phosphorus. Phosphorene nanoparticles were blended with the
dope solution before casting the membrane, and while care was taken to prevent
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agglomeration, nanoparticle agglomeration still occurred, and it is believed that the
increase in nanoparticle size after casting was likely due to agglomeration.

(A)

(B)

(C)

(D)

Figure 17: Cross-section SEM analyses of (A) SPEEK membranes and (B) phosphorenemembranes with some of the phosphorene nanoparticles marked in red, and surface SEM
analyses of (C) SPEEK membranes (50-micron magnification) and (D) phosphorenemembranes (10-micron magnification) before filtration
Figure 18 A,B show the associated EDX spectra for the SPEEK and phosphorene
membranes, respectively. From Figure 18 A, SPEEK membranes contained 82% carbon,
14.4% oxygen, 3.6% sulfur, and no detectible phosphorus. On the other hand, the EDX
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spectrum of the membranes incorporated with phosphorene (Figure 18 B) show 65.8%
carbon, 14.5% oxygen, 16.5% sulfur, and 3.1% phosphorus. Therefore, both Raman and
EDX analyses support the exfoliation of few-layer phosphorene and the subsequent the
presence of phosphorene in the membranes, respectively. Since SPEEK has no phosphorus,
all the phosphorus fraction measured was due to the presence of phosphorene on the
membranes, and it amounted to 3.1% phosphorus.

(A)

(B)
Figure 18: A) EDX spectrum of SPEEK membrane showing the presence of
carbon, oxygen, and sulfur. (B) EDX spectrum of phosphorene containing
SPEEK membrane showing the presence of carbon, oxygen, sulfur, and
phosphorus.
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The pore diameter at the maximum pore distribution, i.e., the most prevalent pore size, of
the
the SPEEK membranes was on average 0.022 microns (with smallest and largest detected
pores being 0.017 and 0.086 microns), while that of the phosphorene membranes averaged
0.0024 microns (with smallest and largest detected pores being 0.0022 and 0.0078
microns), which further indicates the addition of phosphorene accumulating within the
pores, in agreement with Figure 17B, and puts the membranes in the nanofiltration range.
Phosphorene membranes also displayed different pore size distributions, with pore sizes
not being as uniform when compared to the baseline SPEEK membranes. This again
showed good agreement with scanning electron microscopy (SEM) images (Figure 17)
since Figure 17 B shows that phosphorene accumulated in some of the pores of the
membranes, which would lead to the formation of smaller, non-uniformly distributed
pores.
SPEEK membranes displayed an average hydrophilicity as measured by contact angle of
48.3° ± 0.67°, while phosphorene-membranes had an average contact angle of 81.5° ±
0.64°. This shows that unmodified membranes were more hydrophilic, while phosphorene
membranes had a more hydrophobic nature that is associated with the presence of the more
hydrophobic phosphorene [237]. The switch from a more hydrophilic to a more
hydrophobic membrane further supports that the chemistry of the membrane had changed,
which was due to the addition of phosphorene. To further characterize changes incurred by
the addition of phosphorene, the surface charge was evaluated, as shown in Figure 19. It
was observed that both SPEEK membranes and phosphorene membranes were negatively
charged in both acidic and basic mediums. At a pH of approximately 6, the zeta potential
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of SPEEK was −61 ± 4.6 mV while that of the phosphorene membrane was −44 ± 7 mV,
which was possibly due to the phosphorene nanoparticles masking some of the sulfonic
sites (the source of the negative charge of the membranes).

(A)

(B)

Figure 19: Surface charge vs pH plot of (A) SPEEK membrane and (B) phosphorenemodified membrane.

By employing dead-end filtration, flux studies were carried out on the membranes under
intermittent UV light irradiation. Precompaction, or filtration of pure water, was first
performed to ensure that all solvents used during the membrane fabrication process were
removed from the membranes’ surfaces and pores. As seen in Figure 20A,B, the average
initial pure water flux values for SPEEK and phosphorene membranes were 67 ± 20.0 LMH
and 107 ± 33.6 LMH, and the flux values at the end of precompaction were 37 ± 17.8 and
82 ± 24.9 LMH, respectively. Reasons for the high standard deviation include the fact that
membrane samples were fabricated in laboratory-scale batch processes, and reaction
completion was determined via reaction time; therefore, each batch could have slight
differences when compared to others. Furthermore, small pieces of membrane were cut out
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for each experiment, having an area of 13.4 cm2. Both membranes obtained MB rejections
of approximately 89%. While average values were different, standard deviations show that
flux values of SPEEK and phosphorene membranes were not different from each other.
The likely reason for the higher flux values might have been because phosphorene
membranes were more sponge-like, and hence more porous, as compared to SPEEK
membranes, which was evident from the SEM images (Figure 17).
After precompaction was completed, MB solutions were filtered through the membranes,
and after filtration, membrane cleaning was simulated via reverse-flow filtration using pure
water to investigate the potential for cleaning. Initial MB solution filtration displayed flux
values of 42 ± 30.1 and 68 ± 20.3 LMH for SPEEK and phosphorene membranes,
respectively, while final flux values were 29 ± 16.9 and 30 ± 2.7 LMH for SPEEK and
phosphorene membranes, respectively. The decrease in flux values during filtration
showed that for both SPEEK and phosphorene, MB accumulated on the surface of the
membranes to foul them. To measure the ability of phosphorene’s photocatalytic properties
in self-cleaning the membranes under UV irradiation, the recovered fluxes were monitored.
It was determined that for the SPEEK and phosphorene membranes, the recovered flux
values were 17 ± 6.3 (or 45% of the initial pure water flux) and 70 ± 5.8 LMH (or 85% of
the pure water initial flux, or a flux value similar to that at the start of MB filtration). Only
after UV irradiation was the flux of phosphorene membranes higher and different as
compared to SPEEK membranes.
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(A)

(B)
Figure 20: (A) Flux analyses of SPEEK membrane under UV irradiation at a constant
pressure of 2.06 bar (B) Flux analysis of the phosphorene-modified membrane under
UV irradiation at a constant pressure of 2.06 bar

Table 1 summarizes the flux values obtained. Experiments were replicated three times. It
was hypothesized that the membranes could become self-cleaning under the intermittent
application of UV irradiation. This was verified by performing experiments using
phosphorene membranes operated with and without UV irradiation. Under visible light
(i.e., without UV irradiation), the recovered flux after reverse-flow filtration with pure
water using phosphorene membranes was 35% of the initial flux at the start of MB filtration
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(i.e., the initial flux was 71 LMH and the recovered flux was 25 LMH). On the other hand,
the phosphorene membrane operated under UV irradiation showed a full recovery of flux
after reverse-flow filtration using pure water (i.e., the initial flux was 68 LMH and the
recovered flux was 70 LMH). With the only variable being the presence of UV irradiation,
and both membranes showing similar MB rejection at approximately 89%, it is
hypothesized that the MB accumulated on the surface of the membrane was potentially
destroyed, which would make the membrane self-cleaning.
Table 1: Flux values of phosphorene membranes operated under UV irradiation and
without UV irradiation
Phosphorene Membranes

Phosphorene Membranes

Operated without UV

Operated with UV

Flux (LMH)

St. dev

Flux (LMH)

St. dev

PWF Initial

56

2.6

107

33.6

PWF Final

74

7.1

82

24.9

MB Initial

71

12.5

68.1

20.3

MB Final

57

10.8

31

2.7

Recovered

25

5.3

70

5.8

Flux Type

Figure 21A,B show images of the MB stained membranes to evaluate the amount of MB
that accumulated after reverse-flow pure water filtration, which provides a qualitative
measure of the amount of MB that remained intact and irreversibly attached to the
membrane. SPEEK membranes showed full coverage of MB, while phosphorene
membranes did not show a uniform coverage of methylene blue under fluorescence. The
SPEEK membranes had a coverage four times higher than that observed with the
phosphorene membranes. This decrease was possibly due to the destruction of MB, and it
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agreed with the higher flux recovery values obtained when using phosphorene membranes.
It is proposed that because phosphorene has a band gap that can be tuned sufficiently for
photon absorption in the ultraviolet region, photocatalysis of the dye may have occurred
under UV irradiation. This made the phosphorene membranes self-cleaning, as observed
by a higher flux recovery.

(A)

(B)

Figure 21: (A) Fluorescent image of SPEEK membrane after the reverse-flow filtration.
(B) Fluorescent image of phosphorene-modified SPEEK membrane after the reverse-flow
filtration.

4.4

Conclusions

For the first time, nanocomposite membranes were fabricated using phosphorene. This
opens the field to a new class of potentially reactive membranes, or at the least, easier to
clean membranes. Due to phosphorene’s properties, these membranes have the potential to
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be used for multiple purposes, such as compound destruction, self-cleaning, biofilm
formation prevention, etc. Membrane separations of the future will not favor static
membranes, i.e., membranes that only serve the function of rejecting compounds, since
accumulated and potentially hazardous compounds on the surface will be released on
backwash/cleaning water to make that hazardous and make the membranes hazardous at
the time of disposal. Hence, dynamic self-cleaning membranes that can simultaneously
remove compounds and destroy them provide the field with an alternative. There are
numerous reactive membranes in existence, but phosphorene brings tunable properties that
open a new field for research.
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CHAPTER 5. Nanohybrid Membrane Synthesis with Phosphorene
Nanoparticles: a Study of the Addition, Stability and Toxicity
This chapter has been published in the following report and adapted with permission from:
Eke, Joyner, Philip Alexander Mills, Jacob Ryan Page, Garrison P. Wright, Olga V.
Tsyusko, and Isabel C. Escobar. "Nanohybrid membrane synthesis with phosphorene
nanoparticles: a study of the addition, stability and toxicity." Polymers 12, no. 7 (2020):
1555.[238]

5.1.

Introduction

Membranes play a crucial role in the purification of water and wastewater [239]. Within
the broad range of membrane materials, polymeric membranes are attractive because they
exhibit high chemical and mechanical resistance [240] and offer a wide range of pore sizes;
however, polymeric membranes are plagued by fouling, which is a problem that has
hindered fast adaptation of membranes in relevant fields. Fouling is the buildup of
unwanted materials on the membrane surface and within the pore structure. Fouling
materials are grouped under three generic headings, namely organic foulants (proteins,
humic and other organic compounds), inorganic foulants (mineral salts, crystallized salts,
oxides and hydroxides and colloidal particles), and biological foulants (biofilm formation
by microorganisms) [241]. Fouling inhibits membrane performance as measured by
permeability and selectivity, increases membrane maintenance costs, and ultimately
shortens the lifespan of the membrane [242]. Membranes can be functionalized with
reactive

nanomaterials

to

improve

their

fouling

resistance

properties

[243].

Dynamic/reactive membranes can mitigate fouling by the generation of reactive oxygen
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species, which oxidize foulants present on the membranes [216] thus leading to a selfcleaning phenomenon.
Two-dimensional materials are being increasingly researched as membrane additives since
they create ultrathin separation layers within the membrane that are highly selective for
molecules and ions [225]. Two-dimensional nanomaterials are materials that can be
isolated as freestanding one-atom-thick sheets [6]. One of such two-dimensional materials
is phosphorene, which was discovered in 2014 [24], and was found to exhibit improved
optical properties; it displays optical absorption peaks at 1.2 eV and absorbance spectrum
across both the IR (infrared) and visible light spectra [244]. These optical properties can
be explored in photocatalysis, hence, it can be considered to be a potential metal-free
photocatalyst [245]. In the study done by Yang et al, by applying density functional theory
calculations [246], phosphorene was shown to display photocatalytic hydrogen production
properties. Phosphorene is a single layer, two-dimensional layered material, exfoliated
form of black phosphorus (BP). Unique properties of phosphorene include its highly
anisotropic electric conductance and its strong interaction with light. Phosphorene
distinguishes itself from other 2D layered materials by its intrinsic structural anisotropic
features [247]. Unlike graphene, phosphorene combines a high carrier mobility with a
fundamental band gap [14] which imparts an intrinsic fine-tuning ability [220], thereby
providing numerous opportunities for research. The main issue with phosphorene is the
fast degradation under ambient conditions because of the generation of reactive oxygen
species. Research however has shown that incorporating phosphorene into polymers
preserves the structure and properties of phosphorene [248, 249]
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Specifically relevant to the field of liquid separations using membranes, the band gap of
phosphorene provides it with electronic [221] and photocatalytic [179] properties, which
could be explored in making responsive membranes that could simultaneously remove and
destroy organic compounds. Phosphorene has recently been used as a catalyst for arsenic
removal [250] and as a photocatalyst for dye degradation [216]. However, a key issue with
phosphorene is instability when exposed to air, which causes it to degrade into phosphorus
oxides that may affect its chemical and physical properties [251]. Several studies have
focused on addressing this issue, such as Ryder et al. produced phosphorene nanoparticles
that were stable in ambient conditions for three weeks by chemically modifying exfoliated
black phosphorus with an aryl diazonium molecule which formed covalent phosphoruscarbon bonds and increased their stability [252]. Recently, Qiu et al. synthesized
phosphorene, which exhibited stability when exposed to ambient conditions for four
months by crosslinking black phosphorus with polyphosphazene [253].
Integrating nanoparticles within polymeric membrane matrices could lead to increases in
their selectivity, thermal stability, permeability as well as altering their water affinity
characteristics [254]. Nanoparticles can be prepared using physical processes that utilize a
top-down technique (breaking down the bulk material into nanoparticles), or chemical
processes which utilize bottom-up techniques (typically employ chemical reactions to
assemble atoms together) [255]. Several techniques for incorporating these nanoparticles
into membranes include layer by layer assembly, chemical grafting, self-assembly and
physical deposition, amongst others [108]. Common problems of aggregation and/or
leaching of the nanoparticles may occur irrespective of the technique used for incorporating
them into the membranes. Nanoparticle agglomeration occurs as a result of the very
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attractive forces between the nanoparticles, such as van der Waals and electrostatic forces
[256]. While converting bulk crystalline solids into spherical nanoparticles, there is an
energy loss associated with the deformation of the particles. At the point of contact between
two nanoparticles, an adhesive grain boundary is formed that is thermodynamically stable.
The energy at the free surface of these nanoparticles is two times higher than the energy at
the grain boundary. As a result, whenever two nanoparticles come in contact, there is
always an energy gain, hence agglomeration occurs [257]. To prevent agglomeration, an
opposite repulsive force is required [255]. When phosphorene is made by exfoliating bulk
crystalline black phosphorus, agglomeration may occur.
Leaching of nanoparticles from polymer media is a common phenomenon because,
stabilizing nanoparticles in aquatic environments is intricate as a result of the Brownian
diffusion that largely controls particle movements [258]. Other interactions that govern
nanoparticle stability include steric, hydration and magnetic forces. Coagulation of
nanoparticles in a solvent media can be prevented by stabilizing with a polymer because
they can induce steric stabilization in the particles [259]. Although with a weak solvent,
the van der Waal interactions can dominate and cause the polymer layer to collapse leading
to coagulation [260]. Among factors governing how the polymer interacts with the
nanoparticle are the technique used in coating the nanoparticle with the polymer
(adsorption vs grafting), the level of coverage and nature of the polymer[261].
Phosphorene is a metal-free photocatalyst and provides advantages over application of
toxic metal-based photocatalysts such as oxides, sulfides and nitrides of titanium, tungsten,
cadmium, and transition-metal dichalcogenides. Several studies have examined in vitro
and in vivo toxicity of phosphorene and demonstrated that it can cause toxicity [262, 263].
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The observed cytotoxicity from phosphorene in one of the studies was lower than that of
graphene [264]. Mice exposed to black phosphorus quantum dots after showing signs of
oxidative stress were able to recover from the exposure [265]. There is evidence that
phosphorene nanosheets can penetrate cell membranes and interact with phospholipid
layers, and the degree of these interactions, as well as resulting toxicity, are determined by
the size and concentrations of phosphorene and the cell types[266] . It is still unknown,
however, whether phosphorene embedded into polymeric membranes will be released at
the concentrations that could cause toxicity. In this study we utilized a powerful model
organism, a nematode Caenorhabditis elegans to test for in vivo toxicity of phosphorene.
Due to their short generation time, ease of maintenance and prolific reproduction C.
elegans has been extensively used as a model organism for a toxicity testing of various
contaminants including nanomaterials [267, 268]. In addition, its genome is fully
sequenced, annotated, and functional genomic tools are readily available for examining
toxicity mechanisms.
As more researchers turn to two dimensional materials for membrane modifications, the
need for a 2D material that inherently allows fine tuning towards membrane enhancement
is pertinent. Graphene has no band gap and other 2D transitional metal dichalcogenides
(TMDs) possess band gaps only as monolayers [269]. Phosphorene has direct band gaps in
all its three forms, bulk, monolayer, and few layers [269]. Phosphorene has also been
studied for its electrocatalytic properties, which research shows outperforms ruthenium (iv)
oxide and Co3O4 /N-graphene [270]. Currently, while a large bulk of experimental research
efforts has focused towards producing air stable phosphorene [269-272], there is limited
information on the incorporation of phosphorene in membranes as well as a thorough
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understanding of its physicochemical properties when utilized as a membrane additive. In
a previous study [216], the photocatalytic properties of phosphorene-based membranes
were examined; on the other hand, in this study, the effects of phosphorene on the
morphological structure of the polymeric blend along with the evolution of the
modifications were investigated. Furthermore, we discuss its stability under several pH
environments as well as study biological effects of phosphorene-based membrane
permeates on a nematode.
The overarching goal is to develop stable and non-toxic phosphorene polymeric
membranes. To achieve this goal the prepared phosphorene membranes were thoroughly
characterized with respect to their structural and morphological characteristics,
permeability, and selectivity, as well as toxicity. Our specific objectives were to 1)
incorporate phosphorene into a polymer blend of polysulfone (PSf) and sulfonated poly
ether ether ketone (SPEEK) to cast ultrafiltration membranes; 2) examine stability of
phosphorene in acidic, basic and neutral environments; 3) determine the level of adhesion
of phosphorene to the membranes via leaching experiments with a closed cross flow
filtration;

4) examine toxicity of free phosphorene and permeates of phosphorene

membranes to C. elegans.

5.2.

Materials and Methods

5.2.1. Materials
To produce few-layers phosphorene, bulk black phosphorus was purchased from Smart
Elements, Vienna, Austria. Polysulfone (PSf), poly ether ether ketone (PEEK), N-methyl
pyrrolidone (NMP), used to prepare the dope solution for ultrafiltration membranes, were
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purchased from VWR, Radnor, USA. Methylene blue was purchased from VWR, Radnor,
USA. Sodium hydroxide (NaOH), bovine serum albumin (BSA), sodium chloride (NaCl),
concentrated sulfuric acid, phenolphthalein indicator and citric acid were also purchased
from VWR, Radnor, USA. The cross flow cell was designed in the laboratory. The
ultrasonicator model P70H was purchased from Elmasonic P, Singen, Germany. A deadend cell, Amicon Stirred Cell 8010–50 mL, was purchased from EMD Millipore,
Burlington, MA, USA. Total organic carbon analyzer TOC- 5000A was purchased from
Thermo Scientific, Waltham, MA.
5.2.2. Sulfonation of PEEK and Determination of Degree of Sulfonation
The recipe for making the SPEEK polymer dope has been previously reported in the
literature [216], so it is briefly discussed here. To synthesize sulfonated poly ether ether
ketone, PEEK pellets were dried in the oven at a temperature of 60˚ C overnight and then
dissolved in a 98% concentrated sulfuric acid solution for three days at room temperature.
After dissolution, it was gradually added into an ice water bath under mechanical agitation
to precipitate SPEEK (sulfonated poly ether ether ketone) pellets. SPEEK was thoroughly
washed in deionized water until a pH of 7 was attained. Then it was dried in the oven at
60˚ C and stored for use.
The degree of sulfonation (DS) is the content of hydrogen sulphite present after all possible
substitution for hydrogen sulphite has occurred on all points in the substitution site [184].
For SPEEK, sulfonation usually happens on the phenyl ring located between the two ether
groups of the PEEK repeat unit [185]. SPEEK with a high degree of sulfonation (DS) has
a relatively low chemical stability [186]. Hence, it is necessary to calculate DS. To
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quantitatively determine the DS, the 1H NMR spectra of SPEEK in a deuterated solvent,
dimethyl sulfoxide (DMSO-d6) was carried out. At a frequency of 400MHz, a Bruker
(Billerica, MA, USA) Avance NEO spectrometer equipped with a Smart Probe was utilized
for this experiment. 5wt% of SPEEK was dissolved in DMSO-d6. The internal standard
used was DMSO at 2.5 mg/L. The assignment of the peak signals was from literature [187].
The presence of –SO3H group after substitution results in a down field shift of the nearest
neighboring proton (H10). Using equation 1, the DS was estimated from the ratio between
the peak area of H10 and the total integrated peak area of all the remaining aromatic protons
(Hx, where x =1,2,3,4,5,6,7,8,9,11).

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒐𝒐𝒐𝒐 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 (𝑯𝑯𝟏𝟏𝟏𝟏 )
∑ 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒐𝒐𝒐𝒐 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

=

𝒚𝒚

𝟏𝟏𝟏𝟏−𝟐𝟐𝟐𝟐

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑯𝑯𝟏𝟏𝟏𝟏

=∑

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑯𝑯𝑿𝑿

( 0 ≤ y ≤ 1)[184]

(1)

5.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)
FTIR is commonly used in the study, identification, degradation and characterization of
polymeric structures [203]. Molecules can absorb light in the infrared region that usually
translates into changes in the vibrational frequency [204]. Apart from diatomic elemental
gases, all compounds exhibit infrared spectra and can be analyzed qualitatively by their
distinctive infrared absorption [204]. Functional groups possess characteristic infrared
absorption bands that are synonymous to the stretching, contracting, and bending vibrations
of the functional groups. These vibrations are expected within specific regions on the
spectra and are influenced by the kind of chemical bonds present in the functional group,
as well as the atoms which make up the group [205]. The infrared region of the spectra is
divided into three basic regions which are the near-IR, mid-IR, and far-IR. The mid-IR
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which falls under wavelength numbers spanning from 400 up to 4000 cm-1 is where most
chemical molecules absorb frequencies and exhibit vibrations [206].
5.2.4. Exfoliation of Bulk Black Phosphorus
To produce few-layer phosphorene, the method described by Guo et al [22] and Eke et al
[216] was utilized. Briefly, equal volumes of NMP and NaOH were mixed and degassed
on an ultrasonicator (P70H, Elma Elmasonic P, Singen, Germany) for 5 min. 300 mg of
bulk black phosphorus was suspended in this mixture and sonicated for 5 hrs. at a frequency
of 37 KHz and a power of 80%. The temperature was kept constant throughout the
experiment at 30 ˚C. The solution was centrifuged at 4000rpm for 23 mins. The supernatant
was used for the experiment.
5.2.5. Transmission Electron Microscopy (TEM) and HAADF-STEM
Exfoliated phosphorene samples were prepared and added dropwise onto a carbon film on
a copper grid (Lacey carbon film, 300 Mesh Cu, TED Pella Inc.). The lacey carbon film
was then left in a hood overnight to completely dry the solvent. High-resolution
transmission electron microscopy (HR-TEM) was performed on a FEI Talos F200X
instrument operated at an accelerating voltage of 200 kV and with a point-to-point
resolution of 0.1 nm. The TEM images were obtained at typical magnifications of 100 K
to 1.05 M. Velox digital micrograph software was used to analyze the samples and Image
J was used to estimate nanoparticle size. Scanning transmission electron microscopy
(STEM) was performed on the same instrument (FEI Talos F200X, using a high angle
annular dark field Detector (HAADF) at 200kV. HAADF-STEM image intensity is
reported to be proportional to square of the atomic number, so heavy atoms are observed
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brighter. The phosphorene nanoparticle composition and element distribution were
determined via FEI super energy-dispersive X-ray spectroscopy (EDX) system.
5.2.6. Optical Profilometer
The surface morphology of membranes influence the fouling pattern, membrane
permeability, as well as the solute rejection of the membrane[207]. Studies have shown
that smoother surfaces tend to exhibit lower rejection and higher flux values, whereas,
rougher surfaces exhibit higher rejection and lower flux values [208]. Atomic force
microscopy (AFM) is the most common technique used for characterization of membrane
surface roughness because of ease of use and functionality in different environments [209]
but a major drawback is the limitation on scan surface area. Given that surface roughness
is a function of scan size, a small scan area may be misrepresentative of the true overall
surface roughness [210]. Optical interferometry on the other hand, provides roughness
information over a larger scan size and thus more accurate information can be deduced on
the membrane surface roughness [209]. Optical profilometers are used to evaluate height
variations on surfaces hence information on the surface roughness of the surface can be
obtained. They are interference microscopes that utilize the wave properties of light to
compare the optical path difference between a test surface and a reference surface. Surfaces
can be characterized quickly and precisely to determine surface roughness, critical
dimensions, and any additional topographical features. Measurements made are usually
nondestructive and do not require sample preparation. The Zygo New View 7000 optical
profilometer (Zygo Corporation, Middlefield CT, USA) was used to characterize the
surface of the phosphorene modified membrane as well as the unmodified membrane. The
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scan length was 65 µm bipolar (20 secs) and the magnification of the objective lens was
50x. Two dimensional and three-dimensional images were obtained for analysis.
5.2.7. Electrokinetic Potential Measurement
The zeta potential provides information on the surface charge of the membrane surface. An
Anton Paar SurPASS electrokinetic analyzer (Anton Paar, SurPASS, Ashland, VA, USA)
was used to determine the zeta potential of the membrane. The electro kinetic potential,
commonly referred to as the zeta potential is the potential at the shear plane of a moving
colloid particle under an electric field. It describes the potential difference present between
the electric double layer of the particles in motion and the stationary layer of dispersant
surrounding these particles at the slipping plane [273]. Certain factors control the observed
value for zeta potential which include pH, positive in acidic environments and negative in
basic environments [274], ionic strength, the higher the ionic strength the lower the zeta
potential [273], concentration, dilute solutions have a higher zeta potential [275].
5.2.8. Contact Angle Measurement
The water interaction parameter of a membrane surface plays a key role in water
permeability and fouling [276]. For a drop of liquid on a horizontal flat surface, the contact
angle is the angle between the juncture of the solid-liquid boundary and the vapor-liquid
boundary [277]. When the contact angle of a surface is less than 90° it implies that the
surface is a high level of wettability and hydrophilic, while surfaces with contact angles
greater than 90° indicates a low amount of wettability and hydrophobicity. For this study,
a drop shape analyzer (Kruss DSA100, Matthews, NC, USA) was used to obtain contact
angle measurements on all the membrane samples.
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5.2.9. Leaching Studies
The stability of static phosphorene within the pores of the membrane was examined using
a cross flow cell in recycle mode. The feed solution, deionized water, was stirred at a rate
of 200 rpm. The phosphorene-imbedded membrane was left in continuous contact with the
deionized water flowing through the cell for fifteen days. Samples were taken daily from
the beaker and tested for presence of phosphorus using an inductively coupled plasma
atomic emission spectroscopy (ICP-OES). During the membrane formation process via
phase inversion in a water bath, samples of the remnant water-solvent mixture were
obtained and tested for phosphorene. Furthermore, the stability of the phosphorene
membranes at various pH levels was tested at room temperature. For the stability studies,
concentrations of phosphorene in the dope solutions were 650, 800 and 1000 mg/L.
Phosphorene membranes with an area of 100 cm2 were left in 100 ml of citric acid at pH
4, sodium hydroxide at pH 13, and deionized water at pH 7, respectively for 72 hrs. and
samples were collected and analyzed for phosphorus using the ICP-OES. The detection
limit was 60ppb.
5.2.10. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) Study
A Varian Vista Pro CCD simultaneous ICP-OES was used to determine the concentration
of phosphorus in samples. The power used was 1.2kW, plasma flow rate of 15 L/min,
auxiliary flowrate of 1.5 L/min, nebulizer flowrate of 0.9 L/min, the replicate read time
was 35 s and the instrument stabilization delay was 20s. Samples were acidified to a pH
<5.5. A 25-ppb analytical detection limit was established with phosphorus calibration
standards prepared in 1% HNO3. Standard curve correlations maintained a correlation
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coefficient > 0.995. Sample measurements were read in triplicate. Quality control measures
included a diluent blank, standard control, and yttrium internal standard measurements with
each sample reading. The ICP-OES was also utilized to measure phosphorous
concentrations in free phosphorene exposure solutions used in toxicity testing (described
below) as well as in permeates generated by filtering media through phosphorene
membrane.
5.2.11. Morphological Characterization of Membranes using X-ray photoelectron
spectroscopy (XPS) and Scanning Electron Microscope (SEM)
XPS characterization of phosphorene membranes was performed using a Thermo
Scientific K-Alpha XPS apparatus equipped with an Al K (1486.6 eV) source (pass energy
of 20 eV). Phosphorus, carbon, oxygen, and sulfur peaks were fitted using Thermo
Scientific™ Avantage Software. The X-ray source had an emission current of 12 mA and
the acceleration voltage was 10 kV. The spectra measurement was done at a 90o emission
angle.

The electron energy analyzer operates in FAT mode (Fixed Analyzer

Transmission), with a constant pass energy of 50 eV for survey (wide) scans and 20 eV for
high resolution scans. The overall resolution of this XPS was about 1.1 eV. Furthermore,
a depth profile scan for phosphorus was done to confirm presence of phosphorus on the
surface of the membrane and within the pores of the membrane.
For the SEM characterization, the membranes were first immersed and ruptured in liquid
nitrogen to obtain a fractured surface with minimal deformation (stretching and tearing).
The resulting fracture, cross-section surfaces were then imaged in a scanning electron
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microscope (SEM, Quanta FEG 250, FEI/ThermoFisher Scientific) without conductive
coating
5.2.12. Membrane Synthesis
Optimal materials for membranes should have a blend of high permeability and selectivity,
excellent mechanical strength, great film-forming properties, and chemical and thermal
stability[278]. Finding a polymer with all these attributes may be difficult and hence it is
much easier to use polymer blends that can combine together to achieve these
characteristics [279]. To make the membrane used for this experiment, a blend of polymers
was utilized. PSf has a high thermal and chemical stability, but poor solubility in solvents
and hydrophobic, while sulfonated poly ether ether ketone is hydrophilic, but has poor
permeability. A blend of the two polymers gives rise to a membrane with high
permselectivity and a superior permeability for water [226]. The dope solution consisted
of a (95/5%) ratio of PSf and SPEEK, and 0.5 wt.% of exfoliated phosphorene in NMP.
During the phase inversion process, some loss of phosphorene may have occurred, but this
was unnoticeable. The remnant coagulant bath solution was tested after casting for
phosphorus which was below the detection limit of 50ng/mL. 0.5% w/v of phosphorene
was used (5 mg/mL) during the fabrication of the membrane and since no loss was detected;
therefore, the theoretical percentage of phosphorene in the membrane was 0.5% w/v. Since
nanoparticles can change the morphological structure of membranes by acting as pore
formers, keeping the concentration to a low 0.5 wt.% helped balance the trade-off of their
positive impact on their negative impacts on the membrane [280, 281].The solubility
parameter for the blend polymer mixture and solvent were very close, which further
90

indicated better compatibility [229] because it leads to a smaller heat of mixing hence
increasing the possibility of a negative Gibbs free energy favoring a stable solution
mixing[282]. SPEEK has a solubility parameter of 26.1 MPa1/2–26.4 MPa1/2

[283, 284]

.

Polysulfone has a solubility parameter of 23.7 MPa1/2 [285, 286] and NMP of 23.1 MPa1/2
[286, 287].. Using physical mixing between the blended membrane polymer dope and
phosphorene, Van der Waals interactions were formed between the constituents, and hence,
phosphorene nanoparticles were incorporated into the dope solution. The membranes were
cast using a doctor’s blade via the non-solvent induced phase separation technique. Figure
22 highlights the major step involved for the fabrication technique. The membranes were
stored in deionized water overnight to further eliminate residual solvents.

Figure 22: Fabrication of blend polymeric membrane

5.2.13. Flux Analysis
To study the flux performance of the membrane, a 50-ml dead-end filtration cell was used
under continuous stirring in a batch mode. A Whatman filter paper (110 mm) was used as
a support for the membranes during the experiment. The filtration was done under a
constant pressure of 2.06 bar at room temperature. The time for 2 mL of solution to pass
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through membranes with an area of 13.4 cm2 was recorded, and the flux, J, was calculated
using this equation 2
J=

𝑽𝑽

(2)

𝑨𝑨𝑨𝑨𝑨𝑨

where V is the volume of solution through the membrane in L, and A is the active filtration
area of the membrane cell in m2, and t is the permeation time. Precompaction using
deionized water was done before the filtration of bovine serum albumin (BSA) feed
solution. This was repeated 10 times and then followed by a reverse-flow filtration of
deionized water to simulate cleaning to eliminate foulants and determine flux recovery of
the membrane. Using equation 3, the protein rejection of the membrane was calculated.
R = (1 − (Cp/Cf)) × 100%

(3)

Where Cp is the protein concentration in the permeate and Cf is the protein concentration
in the feed.
In addition to BSA, 10mg/L of an organic dye, methylene blue (MB), was also filtered
through the membranes and exposed to visible light and ultraviolet light (Spectroline
Model EA-160, Westbury, NY, USA) at a wavelength of 365 nm for 30 mins and visible
light and the membranes were examined under a fluorescent microscope (Zeiss 880 NLO,
Thornwood, NY,USA). The fluorescent intensity was analyzed using ImageJ to evaluate
the percentage coverage of methylene blue on the surface.
5.2.14. Toxicity Testing
For toxicity testing phosphorene was transferred from solvent into DI water for triple
washing. The washing steps required centrifugation at 12,000 g for 20 min, removal of
supernatant leaving phosphorene pellet intact on the bottom of the tube and replenishing
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with DI water. After third wash, the exposure medium was added. Two media used for the
exposures were 50% K-Medium (31.68 mM KCl and 51.37 mM NaCl) and Moderately
Hard Reconstituted Water (MHRW; KCl 4 mg/L, MgSO4 60 mg/L , CaSO4 60 mg/L,
NaHCO3 96 mg/L) [212] . The protocols for toxicity screening have been modified from
previously established C. elegans toxicity testing methods [213, 214] . Wild-type N2 strain
of C. elegans were obtained from Caenorhabditis Genetics Center (CGC). The nematodes
were age-synchronized and the eggs placed on K-agar plates with Escherichia coli OP50
as a food source [215] . For mortality, the L3 stage nematodes were exposed to
concentration range of Phosphorene from 0 to 60 mg/L in two media, 50% K-medium The
24-well tissue culture plates were used for exposures with 1 mL of the solution and 10 (±1)
nematodes per well, with 4 replicates per concentration. Mortality was scored after 24 h.
The testing for all concentrations was conducted in two independent experiments. For
reproduction, eggs were hatched on K-agar plates with E. coli OP50 bacterial lawn, and
after 24 h the nematodes at F2 stage were placed into the exposure solutions for 24 h. In
each treatment, the nematodes were exposed to four sub-lethal concentrations of
Phosphorene in 50 K-Media or MHRW. The exposures were conducted in the presence of
bacterial food, E. coli OP50 at OD600=1 and 10 ul per ml of exposure solution. After
exposures individual nematodes were placed on K-agar plates containing E. coli OP50 and
allowed to reproduce. The adults were transferred to the new K-agar plates every 24 h up
to 72 h. The offspring that remained on the plate were allowed to hatch and grow for 24 h
and after that were stained with Rose Bengal (0.5 g/L) and heated at 55 °C for 50 min. The
stained offspring were counted under microscope. The mortality testing were also
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conducted with 1, 3, and 5 order of permeates generated after filtering K-medium or
MHRW through phosphorene membrane.
5.3.

Results and Discussions

5.3.1. Degree of Sulfonation and Membrane Fabrication
In previous studies, the fabrication of SPEEK membranes along with the incorporation of
phosphorene has been discussed [216]. As previously stated, the degree of sulfonation
(DS) is the content of hydrogen sulphite present after all possible substitution for hydrogen
sulphite has occurred on all points in the substitution site [184], and SPEEK with a high
DS has a relatively low mechanical stability [186]. As seen in Figure 23, the peak from H10
was a doublet (two close peaks) at 7.5 ppm. The peaks from other protons far away from
the carbonyl group, H1,2,7,8,9,11 was noticed at 7.0-7.3 ppm and the remaining peaks at 7.88 ppm. From the 1H NMR, the degree of sulfonation was measured by presetting the
integration value of the distinct signal to 1.00 and then obtaining the integration values of
the remaining signals from the spectra. These numbers were inserted into equation 1 and
the value obtained was 0.77. This means that the chances for SPEEK leaching out of the
blend polymer membrane of PSf and SPEEK was low at room temperature since for
SPEEK to dissolve out of the blend, the DS has to be greater than 0.99[288]. Hence, the
SPEEK membranes were considered chemically stable at room temperature.
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Figure 23: 1H NMR spectrum of SPEEK in dimethyl sulfoxide

A degree of sulfonation of 0.77 verified that the membranes would not solubilize during
filtration and further supported the recipe used here. Therefore, as previously stated, the
base membrane dope solution consisted of a blended polymer prepared by dissolving PSf
and SPEEK in a 95%:5% ratio, respectively, in NMP. Using physical mixing between the
blended membrane polymer dope and phosphorene, Van der Waals interactions were
formed between the constituents, and hence, phosphorene nanoparticles were incorporated
into the dope solution.
5.3.2. Structural Membrane Polymer Evolution
To verify the blending of PSf with SPEEK and determine if phosphorene led to alterations
in the base polymeric backbone of the membranes, FTIR was performed. Figure 24 shows
the FTIR bands at 400-4000 cm-1 of both unmodified and phosphorene membranes.
Polysulfone displays characteristic bands at 1487 cm−1 and 1586 cm−1 [289] which are due
to the stretching vibration of the C=C aromatic ring. Similar bands were observed for both
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membranes, showing distinctive bands 1487 cm−1 and 1586 cm−1 that verify the presence
of PSf Furthermore, the presence of SPEEK was verified by characteristic broad bands at
3450 cm−1 from the hydroxyl group vibrations of SO3H [290], 1230 cm−1 assigned to the
vibrations from —O=S=O—groups in SPEEK [290]. Table 2 shows the assignment of
bands at different wavelengths. The region of 400-1800 cm-1 was deconvoluted in Figure
25 to determine if there were any band changes. A difference was at 1082 cm-1, associated
with the PO43- group from the possible formation of some phosphate associated with the
phosphorene addition. PO43- groups form absorption bands at 560-600 cm-1 and at 1000 –
1100 cm-1 [291].

Figure 24: FTIR spectra of phosphorene and SPEEK: PSf membranes over the region
400-4000 cm-1
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Figure 25: FTIR spectra of phosphorene and SPEEK: PSf membranes over the region
400-1800 cm-1

Table 2: Assignment of FTIR bands at different wavelength
Number

Wavelength number(cm-1)

Functional group

1

1230

—O=S=O—

2

1487

C=C

3

1586

C=C

4

3450

OH

5.3.3. TEM Analysis
To understand the effect of water on the nanoparticle size, TEM images were obtained.
From Figure 26, it is observed that 2D phosphorene formed distinct spherical nanoparticles
in NMP; however, in water, the spherical nanoparticles agglomerated into clusters. pH has
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a large effect on nanoparticle agglomerate size [292]. Nanoparticle systems comprise of
the nanoparticle and the suspension medium and the flux of hydrogen ions within the
system controls agglomeration [292]. At pH levels close to the isoelectronic point of the
nanoparticle, agglomeration is promoted. The isoelectronic point for phosphorene is 3.
When phosphorene is suspended in NMP, the sodium hydroxide added during the
exfoliation step led the system to become more basic, and hence the agglomeration effect
was reduced; on the other hand, when the nanoparticles were rinsed in water, the system
became more acidic because of the formation of some phosphoric acid and so
agglomeration was favored. Observed nanoparticle size after exfoliation averaged about 5
± 0.3 nm in NMP. However, if the solvent used were changed from NMP to water, the
nanoparticle size was observed to increase to an average of 2± 0.9 microns. This occurred
likely due to the tendency of the nanoparticles remain discrete in NMP, while
agglomerating in water.

(A)

(B)

Figure 26: TEM images of 2D phosphorene in different solvents (A) NMP and (B) water
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5.3.4. Morphological Characterization of Membranes
Results from the optical profilometer indicated that the SPEEK: PSf membranes had
smoother surfaces than those of the phosphorene membranes. Although the conventional
method of quantifying roughness involves reporting the line roughness parameters, average
line roughness (Ra), root mean square line roughness (Rq), and the mean depth of line
roughness (Rz) [293], reporting the entire surface roughness parameters (Sa, Sq, and Sz)
[293] provides a greater understanding of the roughness over the entire surface measured
as compared to just the line measurement which could vary based on line location. From
Figure 27, it was determined that the average surface roughness (Sa), root mean square
roughness (Sq) and mean roughness depth (Sz) had values of 0.18 microns, 0.24 microns,
and 4.95 microns, respectively. On the other hand, Figure 28 showed that the phosphorene
membranes showed higher values of Sa = 0.45 microns, Sq = 0.61 microns, and Sz = 6.46
microns. With phosphorene nanoparticles synthesized using the basic exfoliation technique
agglomerates in water, agglomeration might be a cause of the observed increase in
roughness of the phosphorene membranes since while phosphorene was added to the dope
containing NMP, the non-solvent of the phase-inversion membrane casting process was
water.

99

(A)

(B)

Figure 27: (A) three dimensional and (B) bottom view of SPEEK: PSf membranes
showing the surface morphology

(A)

(B)

Figure 28: (A) three dimensional and (B) bottom view of phosphorene membranes
showing the surface morphology

Previous studies also provided other morphologically parameters associated with the
polymer evolution due to the addition of phosphorene [216]. The pore diameter at the
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maximum pore distribution that is, the most prevalent pore size of the SPEEK:PSf
membranes was on average 0.022 microns (with smallest and largest detected pores being
0.017 and 0.086 microns), while that of the phosphorene membranes averaged 0.0024
microns (with smallest and largest detected pores being 0.0022 and 0.0078 microns). This
further indicates the addition of phosphorene accumulating within the pores in agreement
with agglomeration results. Furthermore, the contact angles of SPEEK:PSf and
phosphorene membranes were found to be 48.3° ± 0.67 and 81.5° ± 0.64, respectively, and
the increase in hydrophobicity was associated with the presence of the more hydrophobic
phosphorene [237]. Lastly, it was observed that at a pH of approximately 6, the zeta
potential of SPEEK:PSf was -61 ± 4.6 mV while that of the phosphorene membranes was
-44 ± 7 mV, which was due to the phosphorene nanoparticles masking some of the sulfonic
sites.
5.3.5. Phosphorene Leaching
The transport of two-dimensional phosphorene in porous media is largely dependent on the
pH [294]. At a pH far away from the pH of the point of zero charge (pHZPC), also known
as the isoelectric point, the repulsive forces on the electric double layer on hydrated
nanoparticles decrease, as a result there is lower aggregation and more dispersity [295].
The pHZPC of hydrated phosphorene is 3.0 [250]. Phosphorene nanoparticles were
incorporated into membranes and their stability under acidic, basic, and neutral
environments were determined using the ICP-OES. As seen in Figure 29, generally the
nanoparticles seemed to be stable under all three conditions, with less than a 1% loss in
amount of phosphorene. Under the basic medium though, irrespective of the initial
101

concentration of phosphorene, the loss of phosphorene was highest, as compared to other
media. This could be as result of the pH of the basic media being too far from 3.0 thus
leading to the lesser aggregation and more detectable free phosphorene. This factor also
explains why as the concentration of phosphorene increased the basic dissolution
increased.

Figure 29: Leaching experiment of phosphorene in membrane
5.3.6. Pore Structure Comparison
Pore size and porosity largely determine the efficiency of separation [296], and these
properties of the membrane are controlled by the fabrication technique [232]. These
techniques include phase separation processes [297], stretching, track etching [298] and
sintering [299] amongst others. For phase separation processes that use immersion
precipitation like the nonsolvent-induced phase separation (NIPS) technique, liquid-liquid
demixing controls the morphology of the membrane [296]. The structure of membranes
obtained via phase immersion precipitation can be classified under five broad categories
based on the polymer, solvent, and non-solvent combination. They include noodles,
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cellular structures, macrovoids, bicontinuous structures and unconnected latex [300].
Membranes formed via the NIPS technique involving a solvent/nonsolvent combination of
NMP and water, macrovoids (fingerlike in large quantities and pear shaped like in small
quantities) are typically the kind of structures that represent a large portion of the
membrane morphology [296, 301]. Nodules, spherical beads which are fused together, are
also typically observed on the surface layer, the layer where most separation occurs [302].
From the SEM images of both phosphorene and SPEEK: PSf membranes Figure 30,
nodules were observed on the surface scans and they gradually turned into macrovoids as
expected based on the solvent/non-solvent combination used during the preparation of the
membrane. Both membranes exhibited similar morphological structures at the top and
middle layers, but towards the bottom layer, there were noticeable differences, the SPEEK:
PSf membranes merged into spherical macrovoids, while the phosphorene membranes
retained its nodular/finger-like structures. This is similar to published studies using silver
nanoparticles; thus, nanoparticles can act as pore formers increasing the length of the
finger-like structures[280, 281]. This was controlled by the low addition of phosphorene
to the membranes, which again is based on observations from previous studies that used
other nanoparticles.
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40µm

(A)

(B)

Figure 30: Cross-section images of (A) SPEEK: PSf membrane, and (B) and phosphorene
membrane

5.3.7. Phosphorene Distribution on the Membrane
To ascertain the location of phosphorene nanoparticles within the membrane, a depth
profile scan was performed on the membrane. As seen in Figure 31, phosphorus was found
to be present on the surface of the membrane and the amount increased as the etch time
increased, thus indicating that phosphorene was also present within the pores of the
membranes. That is, even though there was some agglomeration of membranes, which was
attributed to the increase in roughness observed, phosphorene was still found to be
dispersed throughout the membrane matrix.
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Figure 31: Depth profile scan on phosphorene membranes

5.3.8. Flux Discussion
The phosphorene membranes showed a rejection of 78 ± 4% for BSA, while rejection for
the SPEEK: PSf membranes was 43 ± 16%. This can be explained by the pore size of the
membranes. Bovine serum albumin has a molecular weight of 66 kDa. The mean pore
diameter of SPEEK:PSf and phosphorene membranes had been previously determined to
be 0.022 microns and 0.0024 microns [216], respectively. With respect to permeability,
Figure 32 (A) shows that for SPEEK: PSf membranes, the average initial flux was 100 ±
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12LMH, final flux 23 ± 3 LMH and recovered flux after reverse flow filtration 65 ± 9
LMH. For phosphorene membranes (Figure 32 B), the initial flux was 86 ± 40 LMH, final
flux 8 ± 6 LMH and recovered flux after reverse flow filtration 30 ± 14 LMH. The smaller
pores of the phosphorene membranes along with increased hydrophobicity might have led
to observed rejection values along with reduced the flux values observed with phosphorene
membranes. The low observed recovered flux after reverse-flow filtration also indicates an
increase in the organic matter fouling layer on the phosphorene membrane, which agrees
with the increased hydrophobicity of the membranes and decreased surface charge.

(A)

(B)

Figure 32: (A) Flux analysis of SPEEK: PSf membranes and (B) Phosphorene
membranes
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5.3.9. Operational Performance of Phosphorene Membranes
BSA filtration results show that while the rejection was increased, the flux during operation
decreased, and more concerning, a fouling layer accumulated. BSA has an isoelectric point
at pH 4.5–5.0 [303], so the protein is negatively charged at the neutral pH values of
operation. BSA is also a large molecule of approximately 66.5 kDa. To study both the
irreversibility of fouling and the potential of an ultraviolet (UV) light response by
phosphorene membranes, the filtration of methylene blue (MB) was used so that the fouling
layer could be visually observed. MB was chosen since it is known to degrade under UV
light, is a hydrophobic and basic dye (MB+), and has an approximate 300 Daltons;
therefore, while smaller than BSA, it was expected to more irreversibly adsorb to
membranes as compared to BSA. Studies were performed using both visible and UV light
sources to determine if an improvement was observed. Table 3 summarizes the flux values
obtained, all performed at a constant pressure of 2.06 bar.
Table 3: Flux values of phosphorene membranes operated under visible and UV light
sources
SPEEK: PSf Membranes

Phosphorene Membranes

Flux (LMH)

Visible

UV

Visible

UV

PWF Initial

126

67

56
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PWF Final

92

37

74

82

MB Initial

72

42

71

68.1

MB Final

43

29

42

31

Recovered

40

17

25

70

Normalized Membrane Surface Coverage (%)

100

95

76

30
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SPEEK: PSf membranes operated both under visible and UV light sources showed large
declines in flux during MB filtration. Furthermore, cleaning using reverse flow filtration
did not show any recovery in flux; therefore, membranes were irreversibly fouled. On the
other hand, for phosphorene membranes, under visible light, the recovered flux after
reverse-flow filtration to simulate cleaning with pure water was low, indicating an
irreversible accumulation of MB on the membrane surface. This agrees with BSA filtration
results that showed a decline in flux during BSA filtration along with a small flux recovery.
However, when phosphorene membranes operated under a UV light source, a full recovery
of flux after reverse flow filtration was observed. Membrane surfaces were then imaged
and surface coverage, shown in Table 3, supports the removal of MB from the membrane
surface. However, it was beyond the scope of this study to determine if the removal of the
MB layer was physical (due to desorption) or chemical (due to degradation).
5.3.10. Toxicity of Phosphorene
The effect of a phosphorene exposure was tested on C. elegans mortality and reproduction
in two different media, which differed by ionic strength and pH. The exposure in Kmedium with higher ionic strength and lower pH of 5.8 demonstrated lower toxicity than
exposure in MHRW with higher pH of 7.8 and lower ionic strength. In fact, there was no
mortality observed when the nematodes were exposed in K-medium with Phosphorous
concentration up to 60 mg/L. From Figure 33, the exposure in MHRW resulted in
concentration-dependent mortality with increase observed only at Phosphorous
concentration of 45 mg/L and above.
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For reproduction, a low toxicity was documented in both media (Figure 34). Reproduction
is more sensitive endpoint than mortality, and there were decreases in C. elegans
reproduction at Phosphorous concentrations at 12 mg/L in K-Medium and at 2.2 mg/L in
MHRW.
These results demonstrate that toxicity of phosphorene in free form depends on the
exposure media and it is critical to ensure that no leaching of phosphorene occurs when
these nanoparticles are incorporated into a membrane. We have measured concentration of
phosphorous in the permeates of the first, third and fifth order of filtration performed
through the phosphorene membrane with K-Medium or MHRW. The levels of the
phosphorous in the permeates were all below detection limit and there was no toxicity
observed when the nematodes were exposed to the permeates. Thus, our results
demonstrate that even though there was a reproductive toxicity observed in C. elegans
exposed to free phosphorene, the release of the phosphorene from the membrane was
minimal or none and will not caused toxicity. This is a step in the right direction of
developing safe polymeric phosphorene membranes that can be eventually applied in
removal of organic pollutants. Since the relatively low toxicity was observed for the
phosphorene exposures, it is imperative to examine effect of phosphorene on toxicity under
different conditions as well as effects of phosphorene on other sub-lethal endpoints. For
instance, our results above showed that less than 1% release of phosphorene from the
membranes can occur at basic conditions, and thus further studies are warranted to examine
additional factors that might promote phosphorene release.
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Figure 33: Caenorhabditis elegans mortality in response to phosphorene exposure over 24
h in Moderately Hard Reconstituted water (MHRW). The double asterisks indicates
statistical significance at p < 0.01.

Figure 34: Effect of free phosphorene exposure over 24 h on reproduction in
Caenorhabditis elegans in A) K-Medium and B) Moderately Hard Reconstituted Water
(MHRW). The double asterisks indicates statistical significance at p < 0.01.

5.4

Conclusions

Phosphorene membranes were synthesized to further characterize the evolution of the
polymeric membrane fabrication upon addition to phosphorene. It was observed that
phosphorene formed spherical distinct nanoparticles after exfoliation in basic-NMP and
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clustered spherical nanoparticles in water because of the effect of the flux of hydrogen ions
(H+) within the nanoparticle system. In leaching studies, it was observed that phosphorene
loss was less than 1% of the initial amount of phosphorene added, implying stability within
the membrane matrix. Depth profile scans of phosphorene membranes showed that
phosphorene nanoparticles were dispersed both on the surface of the membrane and within
the pores of the membrane, indicating that while agglomeration might have occurred,
phosphorene was still dispersed throughout the membrane matrix. Surface morphology
studies indicated that phosphorene membranes had rougher surfaces, while the SPEEK:
PSf membranes had smoother surfaces, which was likely due to some agglomeration
caused by water being used as the nonsolvent during membrane fabrication via NIPS. The
membranes modified with phosphorene displayed a higher protein rejection but lower flux
values and flux recovery after filtration possibly due to the decrease in average pore size.
Toxicity results show that exposure to a phosphorene in a free form caused a relatively low
toxicity in C. elegans with reproduction being a more sensitive endpoint than mortality. In
addition, toxicity differed when exposures were conducted in two different media with
MHRW showing higher toxicity.

However, permeates of the same media through

phosphorene membrane did not show toxicity due to minimal release of the phosphorene
from the membranes further buttressing that phosphorene remained bound during filtration.
Thus, phosphorene-based membranes open a new field for research in membrane science
since phosphorene nanoparticles synthesized were found to be stable within the membrane
structure, with less than 1% leaching of phosphorene. The toxicity of the free phosphorene
indicate that it is critical to continue studies examining fate of phosphorene incorporated
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into the membranes under different environmental conditions to develop safe phosphorene
membranes.
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6.1.

Introduction

Based upon the success of graphene, two dimensional (2D) materials have excited
scientists worldwide. As a result, much research has been tailored towards developing the
next generation of materials that may be able to overcome one of the main limitations of
graphene, which is the absence of a band gap [304]. Phosphorus which constitutes
approximately 0.1% of the Earth’s crust is one of the most abundant elements [11], and it
exists as several allotropes. White and red phosphorus are the most commonly seen
allotropes used typically for making explosives and safety matches [12]. Black phosphorus
(BP), though rarely mentioned, is the most stable allotrope of phosphorus [13], and it
combines high carrier mobility with a fundamental band gap [14]. Graphite and black
phosphorus (BP) are the only known monotypic van der Waals crystals [15, 16]. Unlike
carbon, phosphorus has only three valance electrons which leads to BP being
semiconducting since each atom is bonded to three neighboring atoms [15]. Exfoliated, p113

type semiconducting BP flakes possess mobilities of ~200-1000 cm2 /V-s at room
temperature, current on/off ratios of ~104 and anisotropic transport. Consequently, BP
shows promise as a nanomaterial that could complement or exceed the electronic,
spintronic, and optoelectronic properties of graphene [17, 18]. Phosphorene is the single
atomic layer of BP that shows semiconducting properties [19]. Phosphorene distinguishes
itself from other 2D layered materials by its unique structural characteristics, relatively
large direct bandgap and good charge carrier mobilities [20]. These semiconducting
properties of phosphorene have the potential to be explored in making low fouling surfaces,
such as for membranes, and for contaminant removal. Recently, phosphorene has been
used as an additive to produce stable nanohybrid membranes highly selective for molecules
and ions [305].
Perfluoroalkyl substances (PFAS) are a group of man-made surfactant chemicals that were
first produced in the 1940s. PFAS can be found in many consumer products including food
packaging, household cleaners and fire-fighting foams. PFAS are a concern because they
do not degrade, are very persistent in the environment, and have been found in the
environment in remote locations [306]. PFAS are organic fluorochemicals where at least
one carbon-hydrogen bond on the hydrocarbon chain is replaced by a fluorine-carbon bond.
Fluorine is one the most reactive elements when not bonded, but when it has been bonded,
it is extremely stable. Fluorinated hydrocarbons are resistant to high temperatures, strong
acids and bases, and are nonflammable as well [307]. This stability of PFAS makes it
virtually nondegradable and allows for PFAS to build up in the environment, in marine
animals and mammals, including humans. There have been several studies performed that
show evidence of PFAS having adverse effects on human health because of their
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environmental persistence and widespread human exposure and toxicity [308-310]. They
are extremely persistent in the environment because they possess both hydrophobic
fluorine-saturated carbon chains and hydrophilic functional groups, along with being
oleophobic [311]. PFAS have been shown to have carcinogenic properties as well as
developmental toxicity [307, 312]. As the chain length of the compounds increases so does
the toxicity of their effects [313]. In 2009, the EPA labeled two PFAS substances,
perfluorooctanoic acid (PFOA) and Perfluorooctane sulfonate (PFOS), as contaminants of
potential concern in drinking water[314], and it has set a lifetime health advisory at 70 ng/L
for PFAS in drinking water [315].
PFOA and PFOS are two of the most common PFAS substances produced and have now
been banned from being produced in most of Europe and the United States. The
degradation of PFOA, leads to the formation of two intermediate products, which are less
fluorinated carboxylic acids and shorter-chain PFASs. The presence of the carboxylic acids
indicates the cleavage of C−F bonds and H/F exchange, while formation of short chain
PFASs implicates the scission of C−C bonds [316]. The treatment technologies currently
available for the removal and/or degradation of PFAS compounds are limited to adsorption,
advanced photochemical oxidation, sonochemical decomposition, filtration, and airsparged hydrocyclone technology [166]. For adsorption, granular activated carbon in the
absence of organic matter is effective for the removal of long chain perfluoroalkyl acid,
but it is ineffective against short chain perfluoroalkyl acids[167]. Sonolysis involves the
use of ultrasound waves to create cavitation. During the process of cavitation, bubbles
collapse and adiabatically generate high pressure and temperature conditions that pyrolyze
perfluorinated compounds [169]. Sonolysis has been observed to breakdown PFAS
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compounds on the laboratory scale, but it has not been commercialized because of design
challenges during the cavitation propagation [167]. Advanced oxidation processes that
have successfully degraded PFAS include ultraviolet (UV) irradiation and electrochemical
techniques[170]. Photochemical oxidation is an indirect photolysis technique which
degrades contaminants by reacting with reactive radicals. Adding a photocatalyst to UV
photolysis of PFAS enhanced the ability of the process to degrade the material [171].
Catalysts such as TiO2 , Fe3+, S2O8 2−, IO4- , and CO3 2−, in combination with UV efficiently
degraded PFAS owing to formation of reactive and potent oxidative species such as CO3• , H• , OH• , and PFAS complexes[172]. Direct photolysis of PFASs tends to have
relatively low removal efficiencies and fluoride yields compared with other processes and
thus needs additional processes to reach complete degradation [171].
Oxygen is a cheap, abundant and green oxidant, which usually generates water as the only
stoichiometric byproduct, and recent research efforts have been tailored towards the
development of liquid phase aerobic oxidation methods to combat the negative impact of
the inorganic oxidants, like potassium permanganate, chromium trioxide, and manganese
dioxide[317]. Under ambient conditions, oxygen in its ground state is unreactive with
organic molecules; hence, a catalyst is often necessary to control the selective oxidation of
a molecule[318]. Palladium catalyzed aerobic oxidations are the most studied and have
been successful in the conversion of alcohols to ketones and aldehydes [319].
Recently, a temperature-responsive membrane composed of poly-N-isopropylacrylamide
(PNIPAAm) on polyvinylidene difluoride (PVDF) membranes acted as polymeric
adsorbent to remove PFOA successfully [320]; however, PFOA was not destroyed.
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Therefore, there is a critical need for safe and efficient remediation methods for PFAS,
particularly in drinking water.
Nanocomposite membranes with tunable properties show promise for numerous
technologies [1-4] because of their size-dependent electronic structure and controllable
physical properties. The purpose of this research is to develop and validate environmentally
safe nanomaterial-based approaches for treatment of drinking water including degradation
of per- and polyfluorinated chemicals (PFAS). Specifically relevant to the field of liquid
separations using membranes, the band gap of phosphorene provides electronic [221] and
photocatalytic [179] properties, which are proposed to make reactive membranes to
simultaneously remove and destroy PFAS. With the high toxicity and corrosive issues
encountered with metal-based photocatalysts (oxides, sulfides and nitrides of titanium,
tungsten, cadmium and transition-metal dichalcogenides), phosphorene can act as a metalfree photocatalyst to degrade organic compounds in the feed solution to make reactive
membranes. In this study, charged nanofiltration membranes were synthesized by blending
polysulfone (PSf) with sulfonated poly(ether ether ketone) with phosphorene
nanoparticles. The goal of this study was to assess the potential of phosphorene membranes
for contaminant removal. Here, a nanohybrid nanofiltration (NF) membrane with tailored
selectivity for the removal of PFOA was used. After filtration, the removal and/or
destruction of the PFOA that accumulated on the surface of the membranes was
investigated using UV and oxygenation as treatments. Figure 35 shows a schematic of the
experimental process.
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Figure 35: Schematics of the experimental process

6.2.

Materials and Methods

6.2.1. Materials
Perfluorooctanoic acid (PFOA) was purchased from Sigma Aldrich (St Louis, MO, USA).
For the sulfonation reaction, polysulfone (PSf), N-methyl pyrrolidone (NMP), poly ether
ether ketone (PEEK), and concentrated sulfuric acid were purchased from VWR (Radnor,
PA, USA). Black phosphorus used for the synthesis of phosphorene was purchased from
Smart Elements (Vienna, Austria) and the ultrasonicator model P70H was purchased from
Elmasonic P, Singen, Germany. For membrane filtration studies, the dead-end cell,
Amicon Stirred Cell 8010–50 mL, was purchased from EMD Millipore (Burlington, MA,
USA).
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6.2.2. Preparation of phosphorene
Phosphorene was synthesized by chemically exfoliating black phosphorus according to
previously described techniques [22, 216]. In summary, NMP and NaOH with a volume
ratio of 1:1 were mixed and degassed on an ultrasonicator (P70H, Elma Elmasonic P,
Singen, Germany) for five minutes. Then, 100 mg of black phosphorus was introduced into
the mixture and sonicated for five hours at frequency and power of 37 KHz and 80%,
respectively. The temperature of 30 ˚C was maintained throughout the experiment. This
was then followed by centrifugation at 4000 rpm for 23 minutes. After centrifugation, the
supernatant was collected and used for the experiment.
6.2.3. Sulfonation of poly ether ether ketone
Poly ether ether ketone was sulfonated as previously described [216]. Briefly, PEEK
pellets were oven dried at 60˚ C overnight, after drying the pellets were dissolved in
concentrated sulfuric acid solution (98%) for three days until a homogenous solution was
formed at 25 ˚ C. The solution was gradually added into an ice water bath which was
vigorously stirred to precipitate SPEEK (sulfonated poly ether ether ketone) polymer.
SPEEK was washed in deionized water until a pH of 7 was achieved. Then it was oven
dried at 60˚ C and stored for usage.
6.2.4. Water Flux Analysis
The membrane used in this study was a polymeric blend of polysulfone and SPEEK, the
process has been described here[238]. The dope solution was a (95/5%) ratio of PSf and
SPEEK, and 0.5 volume wt.% of exfoliated phosphorene in NMP. Dead-end filtration
studies were performed using a 50-mL Amicon stirred cell (Millipore Sigma, Burlington,
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MA, USA) under continuous stirring in a batch mode. A Whatman filter paper (110 mm)
was used as a support for the membranes during the experiment. The filtration was done
under a constant pressure of 2.06 bar at room temperature. The time for 2 mL of water to
pass through membranes with an area of 13.4 cm2 was recorded, and the water flux, J
(LMH), was calculated using equation 1
J=
(1)

𝑉𝑉

𝐴𝐴𝐴𝐴𝐴𝐴

where V is the volume of solution through the membrane in L, and A is the active filtration
area of the membrane cell in m2, and t is the permeation time.
6.2.5. Determination of the water interaction parameter of the membranes
A drop shape analyzer (Kruss DSA100, Matthews, NC, USA) was used to determine the
wettability or water interaction parameter of the membrane by estimating the contact angle
between water and the solid surface of the membrane. The wettability of a membrane
surface plays a key role in water permeability and fouling[321]. For a liquid drop on a flat
horizontal surface, the contact angle can be described as the tangential angle formed at the
point of contact of the liquid on the solid surface. It denotes the equilibrium point of all
surface tension forces acting on the boundary layer at the point of contact[321]. A contact
angle value lower than 90° typically implies hydrophilicity of the material and values
greater than 90° usually denotes hydrophobicity.
6.2.6. Treatment Processes
After filtration of PFOA through the membrane, the membranes were removed and treated
using two methods, as shown in Figure 35. The first was a photolysis system consisting of
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UV irradiation of the catalytic phosphorene membrane, while the second was a liquid
aerobic oxidation system consisting of oxygenating the catalytic phosphorene membrane.
For the first setup, ultraviolet irradiation was supplied with a UV lamp (Spectroline Model
EA-160, Westbury, NY, USA) at 365 nm. The membranes were exposed for 200 minutes
and experiments were performed in the dark. For the second setup, oxygen was bubbled at
a constant flowrate of 3L/min onto the surface of the membrane for 280 minutes,
experiments were performed under visible light. These time durations were chosen based
on previous trial experiments. A series of tests were conducted and after 120 minutes,
removal of PFOA had not happened, hence we decided to increase experimental time. This
can be found in the supplementary materials. After treatment, the membranes were cleaned
by reverse flow filtration and the permeates from the backwash process were tested for
PFOA. Equation 2 was used to determine the rejection of PFOA in the permeates.
R = (1 − (Cpr/Cs)) × 100%

(2)

Where Cpr is the PFOA concentration in the permeate after reverse flow filtration and Cs
is the concentration on the membrane surface which is calculated from the difference
between initial PFOA feed concentration Cf and concentration of PFOA in the permeate
after filtration CP
6.2.7. Membrane fouling analysis
To study the fouling control performance of the membranes, PFOA at a concentration of
100 mg/L was filtered. The fouled membranes after filtration were subjected to two
treatment methods: photolysis by irradiation with ultraviolet light (Spectroline Model EA160, Westbury, NY, USA) at a wavelength of 365 nm and catalytic oxygenation by
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bubbling oxygen on the surface of the membranes in water after filtration. This was
followed by reverse-flow filtration of deionized water to eliminate dissolved foulants from
the treatment steps and determine flux recovery of the membrane. The flux of the PFOA
solution Jp (LMH) and the flux of the cleaned membrane, Jr were measured at 2.06 bar. The
flux recovery (FR) was estimated using equation 2 [322]. The higher the flux recovery, and
the lower the total fouling ratio, the higher the antifouling property of the membrane[323].
FR(%) = (

𝐽𝐽𝐽𝐽

𝐽𝐽

) × 100

(2)

The fouling resistance of the membrane was evaluated using equations 3,4 and 5[322] ,
where Rt , Rr , and Rir represent the total fouling ratio (which indicates the total flux loss
from fouling), reversible fouling and irreversible fouling respectively.
Rt = ( 1 

𝐽𝐽𝐽𝐽
𝐽𝐽

Rr = (

𝐽𝐽𝐽𝐽−𝐽𝐽𝐽𝐽

Rir = (

𝐽𝐽−𝐽𝐽𝐽𝐽

𝐽𝐽

𝐽𝐽

) × 100
(3)
) × 100

(4)

) × 100

(5)

The PFOA rejection of the membrane after filtration and after during reverse flow filtration
after each treatment method was determined using equation 6
R = (1 − (Cp/Cf)) × 100%

(6)

Where Cp is the PFOA concentration in the permeate and Cf is the concentration in the
feed. The concentration of PFOA was determined using an liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method for per-/polyfluoroalkyl substances from water,
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according to the one used by Saad et al. [320]. Essentially, we employed our previously
developed and reported the LC-MS/MS method for per-/polyfluoroalkyl substance (PFAS)
analysis [324, 325].

Briefly, PFOA was measured by ultra-performance liquid

chromatography (UPLC ) coupled electrospray ionization tandem mass spectrometry. A
bench top binary Shimadzu chromatograph (Model: LC-20 AD) and SIL 20 AC
autosampler interfaced with an AB SCIEX mass spectrometer (MS/MS) (Model: 4000 Q
TRAP) were used. In this study, since PFOA was target analyte, mass labeled perfluoron-[1,2,3,4-13C4] octanoic acid as surrogate standard (SS), and mass labeled perfluoro-n[1,2,3,4-13C4] heptanoic acid as internal standard (IS) were used. Filtered and diluted water
samples (1.0 mL) were prepared containing 40 ng/L SS and 20 ng/L IS. The SS spiked
samples, continuous calibration verification (CCV), reagent blank and IS-blank were used
as quality controls (QC). Target analyte concentrations and QC performance of the method
were determined using IS based calibration curves. A gradient elution of mobile phase
containing 20 mM ammonium acetate in pure water (A) and pure methanol (B) was used
with a Macherey Nagel analytical column EC 125/2 NUCLEODUR C18 gravity packed
with 5 µm particle (length 125 x 2 mm ID) at a constant flow rate of 0.4 mL/min. A 13.51
min gradient with composition of B was started 40% at 0.01 min, 65% at 1 min, 90% at 6
min, 95% at 11.5 min, 40% at 13.51 min with 2 min equilibration time. A volume of 5 µL
of standard or samples was injected. Data were collected in negative multiple reaction
monitoring (MRM) mode with monitoring of quantitation and qualifier ions for PFOA, SS
and IS. Data acquisition and process were performed using AB Sciex Analyst version 1.4.2
and Multiquant version 3.0 software, respectively. The precursor and product ions
monitored were PFOA 412.912 > 368.7, 168.7 m/z; SS 416.946 > 371.9 171.7 m/z; IS
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366.897 > 321.7, 171.6 m/z were obtained. Bold face indicates the quantitation ions. The
PFOA, SS and IS were eluted from column at retention times of 6.57, 6.58, 6.03 min,
respectively. Average spiked SS recovery was 99.2% and average analyte CCV recoveries
105.4%. Limit of detections (LOD) for target analytes were 0.25 ng/mL at S/N= 4. Seven
calibration points with linear dynamic range (LDR) were 1.0 - 160 ng/mL with R2 values
of 0.9986. MS was operated with curtain gas 30 psi, negative ESI 4500-volt, temperature
300 oC, and ion sources gas (GS1/GS2) 30 psi.
6.2.8. Structural and profile studies with Scanning Electron Microscope (SEM) and Xray photoelectron spectroscopy (XPS)
SEM studies were carried out to examine the surface characteristics of the membrane after
fouling with PFOA. The membranes were first submerged and broken in liquid nitrogen to
achieve a fractured surface with negligible deformation (stretching and tearing) of the
polymeric membranes. Surface images were obtained with the resulting fracture in a
scanning electron microscope (SEM), Quanta FEG 250, FEI (ThermoFisher Scientific,
Waltham, MA, USA) without conductive coating.
The atomic profile compositions of the membranes were determined using a using
a Thermo Scientific (Waltham, MA, USA) K-Alpha XPS apparatus equipped with an Al
K (1486.6 eV) source (pass energy of 20 eV). Scans were conducted on the surface and a
depth profile study was done on different regions to quantify the presence of fluorine and
carbon in the membranes after each treatment method. XPS characterization of
phosphorene membranes was performed. Phosphorus, carbon, oxygen, and sulfur, fluorine
peaks were fitted using Thermo Scientific™ Avantage Software. The emission current of
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the X-ray source was 12 mA while the acceleration voltage was 10 kV. The spectra
measurement was performed at an emission angle of 90o. The electron energy analyzer
operated in FAT mode (Fixed Analyzer Transmission), with a pass energy of for survey
scans and high-resolution scans of 50 eV and 20 eV, respectively. The total resolution of
this XPS was about 1.1 eV.
6.2.9. Surface roughness characterization
For nanofiltration membranes, factors that affect the extent of fouling irrespective of
foulants on the membrane include membrane surface roughness, surface charge, and
surface hydrophobicity[211]. The surface roughness of the membranes was measured after
reverse flow filtration to determine the effect of PFOA fouling on the roughness of the
membrane using an atomic force microscope (AFM) (Bruker Dimension Icon, Santa
Barbara, CA, USA). A membrane area of 20 × 20 µm was chosen. Data was collected
under tapping mode and evaluated by the average root-mean-squared (RMS) roughness.

6.3.

Results and Discussion

6.3.1. PFOA Filtration Studies
To study the permselectivity of the membranes towards PFOA, filtration studies were
performed by filtering a 100 mg/L PFOA solution through the phosphorene membranes
using crossflow filtration. The filtration flux profile is shown in Figure 36A, with all
filtration experiments being performed at a pressure of 2.06 bar. From Figure 36A, during
membrane precompaction, the initial and final pure water flux values of the membrane
were 195 ± 14 LMH and 150 ± 31 LMH, respectively. At the end of precompaction, defined
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as once the pure water flux becomes constant, the PFOA filtration was started. The initial
and final flux values for PFOA filtration were 145 ± 40 LMH and 123 ± 29 LMH. The flux
after reverse flow filtration, used to simulate backwashing to remove reversible attached
foulants, was 163 ± 9 LMH; hence, the flux recovery was 84%. On average, total fouling
ratio of the membranes was 26%, the reversible resistance of the membrane was 10% and
the irreversible resistance of the membrane was 16%. This indicates that the membranes
were moderately irreversibly fouled. The high flux recovery along with the low total
fouling ratio indicate a high anti-fouling property [323]; therefore, the phosphorene
membranes were able to successfully control PFOA fouling. The standard deviations
observed come from the variabilities that arise during the casting process. For example, the
thickness of a membrane is partially responsible for the value of the flux through the
membrane, with thicker membranes displaying lower flux values as compared to thinner
membranes. While a doctor’s blade tool allows for setting of the desired thickness, spatial
variations in laboratory-cast membranes are still common and possible [326]; hence, the
high standard deviations. Flux declines were normalized to the initial flux for each
duplicate filtration experiment (Figure 36B), and upon averaging those, the standard
deviations decreased supporting the notion that spatial variations associated with casting
were responsible for the larger differences between runs.
Furthermore, PFOA was almost completely rejected by the membrane with a rejection of
99.9%. This excellent selectivity for PFOA with these membranes can be ascribed to two
factors, size exclusion, based on pore size, and electrostatic repulsion between the
membrane and the acid. The molecular weight of PFOA is 499 Da [327] or <0.14 μm [328],
while previous studies have shown the average pore size of the phosphorene membranes
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was 0.0024 microns [216], so they were able to easily reject PFOA based on size exclusion.
Furthermore, under neutral pH values, PFOA exists as the fully ionized component
(COO−), so negatively charged [329], while under the same conditions, the membranes
have also been previously shown to be negatively charged [216]. Therefore, the complete
rejection of PFOA was further aided by electrostatic repulsion [330].

A

B

Figure 36: (A) Flux results (liters/m2-hr) for the phosphorene membrane at a constant
pressure of 2.06 bar, showing the initial precompaction period, where pure water was
filtered through the membranes until a near-constant flux value was attained. After
precompaction, the filtration of PFOA was carried out, and it was followed by reverse flow
filtration to simulate backwashing. (B) Normalized flux decline.
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6.3.2. Hydrophobicity
Perfluoroalkyl chains can exhibit hydrophobic and hydrophilic tendencies because of the
presence of fluorinated compounds, which introduce hydrophobicity, and of carboxylic
groups that introduce hydrophilicity [331]. The rigidly bound, non-bonding electron pairs
that surrounds each fluorine atom in the C-F bonds present in perfluoroalkyl compounds
are not easily polarized and thus prevent hydrogen bonding with polar and non-polar
compounds. This increases with the degree of fluorine substitution at each carbon center
and relies on the length of the perfluoroalkyl chain. Thus, longer perfluoroalkyl chains
exhibit oleophobic properties, while shorter chains exhibit hydrophobic tendencies [332].
From Figure 37, the measured contact angle of the membrane before filtration was 70.39
± 0.13◦. After PFOA filtration, the contact angle did not change, and it was 70.87± 0.39◦.
After irradiation with ultraviolet light, the membranes became more hydrophilic with a
contact angle of 62.7± 0.04◦. This may be due to the formation of hydrophilic formic acid
after the photolysis reaction. Formic acid is one of major byproducts of PFOA photolysis
by UV irradiation [333]. On the other hand, the membranes became more hydrophobic
after catalytic oxygenation with a contact angle of 82.3±0.15˚, which may be due to the
breakdown of PFOA into smaller perfluorinated groups since these groups have stronger
C-F bonds and are very hydrophobic.
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Figure 37: Water interaction parameter graph, to represent different levels of
hydrophobicity, for the different membrane surface treatment techniques studied.

6.3.3. Fouled PFOA Removal
After PFOA was filtered through the membrane, the membranes were subjected to two
treatment techniques to breakdown the PFOA adsorbed or fouled onto the membranes.
Upon analysis of the permeates after each treatment for adsorbed PFOA, the PFOA
removal is presented on Figure 38 as a function of the type of treatment used. Membranes
that were subjected to UV irradiation for 120 minutes had a removal of 91.95. ± 1.6% of
the PFOA that reversibly fouled the membranes. Membranes subjected to UV irradiation
for 200 minutes had a removal of 98.4 ± 2.42%. Membranes subjected to oxygenation for
120 minutes displayed a removal of 91.8 ± 0.02%, while oxygenation for 200 minutes
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increased removal to 96.55± 4.1%. Lastly, oxygenation for 280 minutes showed a minor
decrease in removal to 94.8 ± 4.59%. This suggests that both treatments, UV irradiation
and oxygenation, were effective in removing the PFOA reversibly bound to the
membranes. An underlying reason would be the photocatalytic properties of the membrane
itself. Phosphorene-modified membranes have previously been observed to display
tendencies for photocatalysis of organic compounds [216]; thus, it is proposed here that the
PFOA was broken down into smaller compounds during treatment. These further buttresses
the atomic profile scan results of the membrane surface and pores, where little to no
fluorine molecules was detected in all the membranes. UV irradiation for 200 minutes had
the highest adsorbed PFOA removal value because of phosphorene’s stronger light
interaction with UV at 365nm[216]. Furthermore, there was no fluoride detected, as
measured by IC, in the reverse flow filtration samples from the membranes with no
treatment or after they were exposed to UV and oxygenation. This suggests that, while
PFOA is likely to break down into smaller chain compounds under treatments.
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Figure 38: Removal of PFOA from the surface of the membrane after UV irradiation for
two different periods of time, and after bubbling of oxygen for three different periods of
time.

6.3.4. Membrane Morphology
To further understand and visualize the effects of each treatment on the fouled membrane,
SEM surface images were taken after reverse flow filtration. Figure 39A shows the surface
images of the clean membrane, the membrane after filtration of PFOA (Figure 39B), the
membrane after filtration of PFOA and irradiation with UV (Figure 39C), the membrane
after filtration of PFOA and oxygenation (Figure 39D). Organic fouling is often
characterized by the presence of a thick layer on the membrane surface[334]. Advanced
oxidative processes can breakdown organic compounds by either altering their functional
groups or dividing major aromatic moieties into smaller compounds, such as aliphatic
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organic acids [335]. From Figure 39, it was determined that membranes that were exposed
to UV irradiation were the least fouled, followed by the filtration alone membranes, and
lastly membranes that were oxygenated. However, despite seeming to have the largest
amount of fouling of their surfaces, the fouling on oxygenated membranes looked smaller
in size and looser as compared all the other membranes. The presence of smaller
compounds on the oxygenated membrane might be due to the generation of hydroxyl
radicals during the treatment because studies have shown that PFOA oxidation by hydroxyl
radicals happens following a stepwise mechanism where the cleavage of the carbon-carbon
bond and the carboxylate group results in the generation of shorter chain perfluorinated
groups [336], which also agrees with the observed increase in hydrophobicity (or contact
angle) of the membrane after this treatment (Figure 37).
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A

B

C

D

Figure 39: SEM images of membranes after PFOA removal procedure: (A) baseline clean
membrane, (B) after PFOA filtration, (C) after UV treatment of PFOA-fouled membrane
surface, and (D) after oxygen treatment of PFOA-fouled membrane surface.
After each treatment, the chemical composition of the membrane surface and pores were
studied via depth profile analysis using XPS. Figure 40 shows the elemental fluorine depth
profile for the membranes after filtration of PFOA (40A), the membranes after filtration of
PFOA and irradiation with UV (40B), and the membranes after filtration of PFOA and
oxygenation (40C). In XPS depth profiling, the first point for all membranes, at 0 seconds
etch time, shows the percentage of fluorine on the surface of the membrane, and subsequent
values show the percentages as more of the membrane was etched; therefore, showing
percentages in membrane pores. Other elements were carbon and oxygen; however, only
fluorine is shown here since that is the element only present in PFOA, and not on the
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membranes; thus, this was the element tracked to monitor presence/removal of PFOA.
Figure 40A, permeate after filtration, shows that all the fluorine was on the surface of the
membranes with minimal amounts inside the pore structure. This directly agrees with the
fact that the membrane pore sizes were smaller than the size of PFOA, and with Figure
39(B) that shows the high accumulation of PFOA on the membrane surface after filtration.
It is important to note that the two treatments were not performed after reverse flow
filtration but before it, so a direct comparison against Figure 40A is possible to show if
removal occurred. Regarding UV treatment, Figure 40B shows that the amount of fluorine
on the surface of the membranes was approximately half of that accumulated on the surface
(40A), which indicates that UV irradiation was effective at the removal of fluorine from
the membrane surface in agreement with Figure 39C. Furthermore, the presence of fluorine
within the pores might indicate some destruction of PFOA into smaller compounds that
were able to travel inside the membrane pores. On the other hand, oxygenation did not
impact the amount of fluorine present on the membrane surface as compared to reverse
flow filtration and UV irradiation; however, the presence of fluorine inside the membrane
pore structure suggests that some potential degradation of PFOA into smaller fluorine
compounds might have occurred. Therefore, of all the treatment methods, the oxygenated
membrane had the highest percentage of fluorine on its surface at 0.6%, followed by the
membrane that was not treated after filtration at 0.5%, and lastly the UV irradiated
membrane at 0.23%. This supports the contact angle findings (Figure 37) and the SEM
images (Figure 39) that the oxygenated membranes had more perfluorinated groups present
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Figure 40: Depth atomic profile showing the percentage of fluorine on the membrane
surfaces and within their pores after (A) filtration, (B) UV irradiation, and (C) oxygenation.

on their surface after the treatment.
AFM images of the membranes were taken to study the impact of the different treatments
on the membrane surface roughness. Figure 41(A-D) shows the images of plain/clean
membrane, the membrane after filtration of PFOA, the membrane after filtration of PFOA
and irradiation with UV, the membrane after filtration of PFOA and oxygenation. The
average root mean square values for each membrane were 73.7±8.4 nm, 59.9±13.7 nm,
26.03±2.8 nm, 35.8± .69 nm, respectively. The UV irradiated membranes were the
smoothest, while the plain membranes were the roughest. From the SEM images of the
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membrane, it was observed that the UV membranes were the least fouled membranes, and
this correlated with the roughness observed as these were the smoothest membranes. The
oxygenated membranes were the second smoothest membranes because of the
mineralization of the organic acid after this treatment. The particles were much smaller
than the particles seen on the surface of the membrane after filtration and this may be why
it had a lower roughness value than the filtration membrane.

A

B

C

D

Figure 41: AFM images of membrane surface after treatment: (A) plain/clean membrane,
(B) the membrane after filtration of PFOA, (C) the membrane after filtration of PFOA and
irradiation with UV, and (D) the membrane after filtration of PFOA and oxygenation.
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6.3.5

Proposed Reaction Pathway

Technologies that can potentially mineralize perflouororganics rather than transfer the fate
of the contaminants from one phase to the other are highly desirable. The proposed
degradation pathways after UV and aerobic oxidation treatments are shown in Figure
42(A), pathway for the UV photocatalytic degradation of PFOA and Figure 42(B), pathway
for the liquid aerobic oxidation degradation of PFOA [337-339].

A

B

Figure 42: Possible pathways for the degradation of PFOA after (A) UV photocatalysis and
(B) liquid aerobic oxidation [337].

For the UV treatment, degradation is hypothesized to have been initiated by the scission of
the C-C bonds in PFOA [337, 338], as shown in Figure 42A. This reaction then potentially
led to the formation of the perfluoro heptyl radicals. These radicals are further broken down
to form an unstable perfluorinated alcohol intermediate (C7F15OH), which is quickly
hydrolyzed to a perfluorinated carboxylic acid, C6F13COOH, a shorter-chained
perfluorinated compound and the reaction continues until mineralization occurs[340].
Thus, perfluorooctanoic acid can be degraded via UV photocatalysis by a stepwise loss of
a CF2 group[337]. The extent of the degradation was not determined in this study, and since
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there was no fluoride ions measured after reverse flow filtration, our data do not suggest
that mineralization was achieved.
The combined system of photocatalyst and oxidation can produce a synergistic effect
during the degradation of perfluoro organics[339]. The degradation process theoretically
begins by the decarboxylation of PFOA to produce a perfluoro carboxylic radicals[337],
which are broken down leading to the formation of perfluoro heptyl radicals[339] and then
the cycle continues by a stepwise loss of a CF2 group until mineralization occurs (Figure
42B). The UV pathway is potentially shorter, which explains why a higher amount of
adsorbed PFOA was removed, as seen in Figure 38, under the same time duration as the
oxygenation treatment. This could be associated with phosphorene’s stronger interaction
with UV as compared to visible light[216].

6.4.

Conclusions

In this study, we demonstrated the successful removal of a persistent contaminant,
perfluorooctanoic acid (PFOA) using nanohybrid membranes made of SPEEK and
phosphorene. The membranes achieved nearly complete rejection of PFOA at 99%, and
the flux recovery after reverse-flow filtration was 84%, indicating the membranes were not
fouled by PFOA. After filtration, the membranes were subjected to two treatments to
destroy the fouled PFOA that accumulated on the membrane surface. The first was UV
photolysis that removed 98.4% of the adsorbed PFOA, while the second treatment was
liquid aerobic oxygenation that led to a 96.6% removal. After treatment, the UV-treated
membranes became smooth, hydrophilic and showed a minimal amount of fluorine left on
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the surface. Conversely, the oxygenated membranes became more hydrophobic and
displayed a high amount of fluorine on the surface after treatment. The results from this
study further confirms the photocatalytic characteristic of phosphorene. Given that PFOA
is a persistent contaminant, this research has thus provided another avenue for the treatment
of contaminated waters. This highlights the need for research into the scaleup of these dual
functional membranes that exhibit very high rejection and removal of perfluorooctanoic
acid.
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CHAPTER 7. Investigation of the Effect of an Applied Potential as a
Biofouling Control Technique

7.1.

Introduction

While membranes may offer an enhanced rejection of contaminants, such as PFAS
compounds, they are plagued by fouling, which is the accumulation of suspended/dissolved
substances on the external surface or within the pores of the membrane and at the pore
walls[46]. It leads to a reduction in the membrane performance, decline of the membrane
lifespan and, ultimately, increase in the operation costs. Biofouling is the process of
microbial adhesion and proliferation on membranes; that is, it is the formation of biofilms
to an unacceptable degree of fouling that increases operational costs[66]. For a biofilm to
form, a source of nutrient and the microorganism that depends on the nutrient must be
present. Prevention of biofouling involves reducing the concentration of microorganisms
and/or reducing the concentration of nutrients by pretreatment, and/or performing
preventive/curative cleanings. A number of studies [67-69] have identified some trends
with respect to short-term cell adhesion and biofilm growth with controlled bacterial
strains. Generally, surface roughness and hydrophobicity are key predictors of cell
adhesion, with neutral, smooth hydrophilic surfaces providing the lowest propensity to
biofouling[68]. On a conductive surface over which a field is applied, adhesion of bacterial
cells can be prevented. When a positive charge is applied, it stimulates an oxidizing
environment for the bacteria, thus increasing bacterial surface mobility and preventing
bacteria from adhering to the surface. Conversely, a negative charge produces a repulsive
electrostatic force between the like charged bacteria and the surface. Thus, applying
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alternating charges to a surface efficiently prevent bacteria from forming a biofilm [180].
Phosphorene possesses ambi-polar transport characteristics (where both positively and
negatively charged carriers conduct current under certain voltage bias conditions [237,
341]). Therefore, it is hypothesized that it can be used to modify polymeric membranes as
an anti-microbial additive.
7.2.

Materials and Methods

Black phosphorus used for the synthesis of phosphorene was purchased from Smart
Elements (Vienna, Austria) and the ultrasonicator model P70H was purchased from
Elmasonic P, Singen, Germany. For the biofouling experiments, the bacterial strain,
Serratia marcescens was purchased from ATCC (Manassas, VA, USA). The ingredients
used to prepare the nutrient agar solution (DifcoTM Nutrient broth, agar powder and
sodium chloride (NaCl, 99.5%), were purchased from VWR (Radnor, PA, USA). The
cross-flow filtration cell was purchased from Sterlitech (Kent, WA, USA).
7.2.1. Preparation of phosphorene
Phosphorene was synthesized by chemically exfoliating black phosphorus according to
previously described techniques [22, 216]. In summary, NMP and NaOH with a volume
ratio of 1:1 were mixed and degassed on an ultrasonicator (P70H, Elma Elmasonic P,
Singen, Germany) for five minutes. Then, 100 mg of black phosphorus was introduced into
the mixture and sonicated for five hours at frequency and power of 37 KHz and 80%,
respectively. The temperature of 30 ˚C was maintained throughout the experiment. This
was then followed by centrifugation at 4000 rpm for 23 minutes. After centrifugation, the
supernatant was collected and used for the experiment.
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7.2.3

Sulfonation of poly ether ether ketone

Poly ether ether ketone was sulfonated as previously described [216]. Briefly, PEEK
pellets were oven dried at 60˚ C overnight, after drying the pellets were dissolved in
concentrated sulfuric acid solution (98%) for three days until a homogenous solution was
formed at 25 ˚ C. The solution was gradually added into an ice water bath which was
vigorously stirred to precipitate SPEEK (sulfonated poly ether ether ketone) polymer.
SPEEK was washed in deionized water until a pH of 7 was achieved. Then it was oven
dried at 60˚ C and stored for usage.
7.2.4

Membrane preparation

The blended polymer dope solution was prepared by dissolving PSf and SPEEK (95/5%)
into NMP. Exfoliated black phosphorus was added to the solution (0.5% wt./vol) and
sealed with parafilm to prevent air bubbles from being trapped inside the solution and
affecting the homogeneous mixing of the solvent and the solute. The blended solution was
placed on a magnetic stirrer and heated at 65 °C. It was degassed in a sonicator to remove
air bubbles for 1 h. The blended solution was spread on a glass plate with a doctor blade at
a wet thickness of 0.250 mm and exposed to air for 12 s. A clean glass mirror was used as
a surface, which provided optimum hydrophobicity to the membranes and helped the
detachment of polymer films during phase inversion [227]. The glass plate and dope
solution were immersed in a coagulation bath of deionized water and the membrane was
formed via the process of phase inversion. The membranes formed were subsequently
washed thoroughly with deionized water to remove residual solvent and kept in deionized
water before testing. The thickness of the membrane was maintained at approximately 150
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microns. By physical mixing between the blended membrane polymer dope and
phosphorene, phosphorene nanoparticles were incorporated into the dope solution.
7.2.5

Biofouling studies

To study the antimicrobial properties of phosphorene, fouling studies were done using
Serratia marcescens subsp. marcescens Bizio (ATCC 13880). Serratia marcescens subsp.
marcescens was selected to investigate the inhibitory effect of different phosphorene
modified membranes on bacterial growth. BactoTM tryptic soy broth (Becton, Dickinson,
and Company) was prepared based on the manufacture’s direction, then autoclaved to
remove all possible bacterial contamination, and used as a growth media to culture Serratia
marcescens. Bacterial solutions were prepared by overnight growth of Serratia marcescens
at 27℃ in tryptic soy broth. The number of bacteria was counted after serial dilution on
tryptic soy agar was 9.5 × 108 CFU/mL. Assessing the bacterial growth in the presence of
different membranes was investigated on DifcoTM tryptic soy Agar (Becton, Dickinson, and
Company). Agar solutions were prepared and autoclaved to remove all bacteria. Then, agar
plates were prepared aseptically by adding autoclaved agar solution into each plate under
a laminar flow hood.
To investigate the specific role of electrical potential on bacterial detachment and
inactivation a voltage was applied through the membrane, while the bacteria solution was
filtered through the membrane. The filtration experimental setup consisted of a custom
built cross-flow filtration cell (Sterlitech CF016A, Kent, WA) designed with built-in
insulated titanium electrodes capable of delivering an electric charge to the membrane thin
film surface (effective membrane surface area was 21.6 cm2). The electrodes were
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connected to a voltage generator (Circuit Specialists CS15003X5, Tempe, AZ). During
operation, a peristaltic pump (Varian Prostar 210, Santa Clara, CA) was used to deliver a
pressurized feed stream at 4.13 bar over the membrane. Experiments were done under no
charge, and then alternated positive and negative signal at 1.5V for 1 minute each. This
was done for thirty minutes. This was done on unmodified and phosphorene-modified
membranes. After filtration, the membranes were placed on an agar plate and left for 3
days. One agar plate was considered as a negative control to verify negative bacterial
growth on the prepared agar under sterile condition. Membrane sterilization was done by
rinsing the membranes with alcohol. To verify the membrane sterilization process, one
negative control plate was considered for each membrane by laying a sterile membrane
[round, 21.6cm2] on the prepared sterile agar plate. Then the negative control was
incubated for 24 hours at 27℃. The negative growth of bacteria on the membrane verified
the process of membrane sterilization with alcohol. Three positive controls were prepared
by adding 10 ml of Serratia marcescens to the top of the tryptic soy agar plate with sterile
membrane placed on top and then incubated for 24 hours at 27℃. Figure 42 shows a
schematic of the experimental setup. Temperature was measured during the experiments
and it remained constant at 28˚C.
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Figure 43: Experimental set for biofouling study
Bacterial growth was quantified using a technique extensively described previously [280].
In summary, pictures were taken of each membrane and the colors encoded into the RGB
code model. For each plate, nine points were chosen to calculate the average value.
Equation 1 was used to estimate the color difference (CD) of each plate.
CD = ( (Ri - Ro)2 + (Gi – Go)2 + (Bi -Bo)2)1/2

(1)

Where the negative control groups are denoted as O, while i denoted the remaining
experimental groups; and R, G and B represent the colors red, green, and blue, respectively.
The reference object was the negative control group, while the difference between the
values of the positive and negative control was assigned as 1. The CD values between the
remaining groups and the negative control were normalized and hence the antimicrobial
effect of the membranes could be estimated.
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7.3.

Results and Discussion

Figure 43 shows the images of the (A) negative control and (B) positive control, displaying
no growth on the membrane and a pinkish hue that indicates full microbial growth,
respectively. Figure 44 shows the images of (A) phosphorene-modified membranes under
no voltage and (B) phosphorene membranes under alternating potential, where both
membranes visually showed the pinkish microbial growth. Finally, Figure 45 shows the
images of the SPEEK-membranes (A) under no voltage and (B) under an alternating
potential. Under no voltage, the pink biofilm on the membrane surface in contact with the
agar was like the control membrane and to the phosphorene membranes; on the other hand,
under voltage (Figure 45B), the SPEEK membranes visually showed a decrease on the
surface biofilm. The color difference was calculated from the RGB values of each
membrane, and results are shown in Table 4. The values were normalized for comparison,
with the negative control being set at 0% and the positive control at 100%. The SPEEK
membrane displayed bacterial growth of 44% under an alternating potential, while under
no voltage, the bacterial growth was 60%. For the phosphorene-modified membranes,

(A)
(B)
Figure 44: Images of (A) Negative control (B) Positive control
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under no voltage, bacterial growth was 65%, and under an alternating potential, the
bacterial growth was 63%.

(A)

(B)

Figure 45: Images of (A) Phosphorene membrane under no voltage and (B)
phosphorene membrane under alternating potential

(A)

(B)

Figure 46: Image of (A) SPEEK membranes under no voltage and (B) SPEEK
membranes under an alternating potential
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Table 4: Color difference values of the membranes
Membrane

R

G

B

CD

Normalized
CD

Negative
Control

90

104

115

0

0%

Positive
Control

241

231

229

229.5

100%

PhosphoreneNo voltage

191

187

186

148.8

65%

Phosphorenevoltage

185

187

186

144.7

63%

PSf-SPEEKNo Voltage

181

180

184

137.2

60%

PSf-SPEEKvoltage

163

165

164

101.8

44%

Two mechanisms are likely responsible for the microbial accumulation, hydrophobicity,
and charge. First, as previously reported [216], SPEEK membranes displayed an average
hydrophilicity as measured by contact angle of 48.3° ± 0.67°, while phosphorenemembranes had an average contact angle of 81.5° ± 0.64°. This shows that SPEEK
membranes were more hydrophilic, while phosphorene membranes had a more
hydrophobic nature that is associated with the presence of the more hydrophobic
phosphorene [237]. The switch from a more hydrophilic to a more hydrophobic membrane
supports a stronger interaction with hydrophobic bacteria, which makes the biofouling less
reversible as compared to SPEEK membranes. The second mechanism addresses the
membrane surface charge, as shown in Figure 46. It was observed that both SPEEK
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membranes and phosphorene membranes were negatively charged in both acidic and basic
mediums. At a pH of approximately 6, the zeta potential of SPEEK was −61 ± 4.6 mV
while that of the phosphorene membrane was −44 ± 7 mV, which was possibly due to the
phosphorene nanoparticles masking some of the sulfonic sites (the source of the negative
charge of the membranes). Sulfonated poly ether ether ketone is a conductive material
[342] and is more negatively charged than phosphorene as seen in Figure 46 [216].
Applying an alternating potential leads to variations in the pH environment, which creates
an inconducive environment for bacteria[343]. Regardless of pH environment, the SPEEK
membranes were always more negatively charged. Therefore, it is hypothesized that a
combination of conductivity and charge repulsions on the unmodified membrane,
enhanced its bacterial inhibition ability as compared to the modified membrane.

(A)

(B)

Figure 47: Surface charge of (A) SPEEK membrane and (B) phosphorene-modified
membrane
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7.4

Conclusions

An alternating potential on the surface of membranes had been proposed to hinder bacteria
growth. In the case of the SPEEK membrane, without voltage, the biofilm covered
approximately 60% of the membrane surface, and under voltage, that decreased to 44%.
On the other hand, the presence of an alternating voltage did not impact the microbial
surface coverage on the phosphorene membranes. It is proposed that because phosphorene
membranes became more hydrophobic and less charged as compared to SPEEK
membranes, microbial growth adhered more strongly to the phosphorene membranes.
Therefore, the alternating voltage was not effective in desorbing the strongly adsorbed
biofilm layer from the phosphorene membranes. On the other hand, the employment of an
alternating current on the more hydrophilic and more negatively charged SPEEK
membranes was more effective at desorbing some of the attached biofilm from the
membrane surface.
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CHAPTER 8. Conclusions and Recommendations
8.1.

Conclusions

The principal goals of this project were to show that phosphorene possesses catalytic
properties to destroy organic compounds, such as dyes and PFAS compounds, and to
investigate the polymer evolution of adding phosphorene to a polymeric membrane, and
then show electrically conductive materials are anti-microbial. Objective one focused on a
proof of concept that phosphorene could be exfoliated and stabilized on a polymeric
membrane. Phosphorene was successfully chemically exfoliated from black phosphorus
using a basic solvent mixture that enhanced its stability in the solvent media. As a result of
this success, objective two centered on the immobilization of phosphorene and synthesis
of a nanocomposite polymeric membrane to investigate the evolution in the polymer
backbone because of the immobilization of phosphorene. Objectives three and five
involved the study of the photocatalytic properties of phosphorene using a common organic
dye, methylene blue, and a persistent organic contaminant, perfluorooctanoic acid. Finally,
objective four more generally studied the potential of electroconductive surfaces in
controlling microbial fouling, or biofouling.
First, the liquid exfoliation of phosphorene was performed in a mixture of sodium
hydroxide and N-methyl pyrrolidinone (NMP). The exfoliated phosphorene suspension
was studied using Raman spectroscopy and results verified the synthesis of phosphorene.
Raman bands were observed at 463 cm-1, 436 cm-1, and 359 cm-1, assigned to the one outof-plane mode A1g and two in-plane modes, B2g and A2g (A1g, B2g, and A2g represent
vibrational modes) of few-layer phosphorene corresponding to observed values from the
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literature. The average hydrodynamic diameter of the phosphorene nanoparticles after
exfoliation was found to be 1.87 nm. The nanoparticles did not agglomerate in basic NMP
but agglomerated in water because the isoelectric point of phosphorene was closer to water.
Next, a nanocomposite membrane was synthesized using a polymeric blend of polysulfone
(PSf), sulfonated poly ether ether ketone(SPEEK) and phosphorene. Energy dispersive Xray spectroscopy (EDX) and Fourier-Transform Infrared Spectroscopy (FTIR) studies
confirmed the addition of phosphorene in the membrane. The pore diameter of the
phosphorene-modified membranes averaged 0.0024 microns (with smallest and largest
detected pores being 0.0022 and 0.0078 microns) implying that the membranes were
nanofiltration membranes. The membranes were less negatively charged than their
unmodified counterparts because of phosphorene masking the sulfonic groups that
impacted the overall negative charge of the membrane. The membranes were also
hydrophobic; phosphorene itself is very hydrophobic. The phosphorene modified
membranes were slightly rougher than the unmodified membranes with average surface
roughness (Sa), root mean square roughness (Sq) and mean roughness depth (Sz) values of
0.45 microns, 0.61 microns and 6.46 microns respectively because of the tendency for
phosphorene to agglomerate in water. The stability of phosphorene within the membrane
was investigated through leaching studies in acidic, neutral, and basic environments.
Generally, the nanoparticles seemed to be stable under all three conditions, with less than
a 1% loss in amount of phosphorene. Under the basic medium though, irrespective of the
initial concentration of phosphorene, the loss of phosphorene was highest, as compared to
other media. This could be as result of the pH of the basic media being too far from 3.0 the
isoelectric point of phosphorene, thus leading to the lesser aggregation and more detectable
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free phosphorene. In terms of structural changes, the phosphorene membranes acted as pore
formers and impacted longer finger-like pores on the membrane.
To investigate the catalytic properties of phosphorene membranes and their ability to
impact a self-cleaning properties on the membrane was studied with methylene blue under
UV irradiation. It was determined that for the SPEEK and phosphorene membranes, the
recovered flux values were 17 ± 6.3 (or 45% of the initial pure water flux) and 70 ± 5.8
LMH (or 85% of the pure water initial flux, or a flux value similar to that at the start of
MB filtration). Only after UV irradiation was the flux of phosphorene membranes higher
and different as compared to SPEEK membrane This showed that the membranes could
become self-cleaning under the intermittent application of UV irradiation. This was
verified by performing experiments using phosphorene membranes operated with and
without UV irradiation. Phosphorene led to a 70% reduction in dye fouling after irradiation.
In this study, we demonstrated the successful mineralization of a persistent contaminant,
perfluorooctanoic acid (PFOA) using nanohybrid membranes made of SPEEK and
phosphorene. The membranes achieved nearly complete rejection of PFOA at 99%, and
the flux recovery after reverse-flow filtration was 84%, indicating the membranes were not
fouled by PFOA. After filtration, the membranes were subjected to two treatments to
destroy PFOA that accumulated on the membrane surface. The first was UV photolysis
that removed 99% of the adsorbed PFOA, while the second treatment was by liquid aerobic
oxygenation that led to a 97% removal. After treatment, the UV-treated membranes
became smooth, hydrophilic, and showed a minimal amount of fluorine left on the surface.
Conversely, the oxygenated membranes became more hydrophobic and displayed a high
amount of fluorine on the surface after treatment. The results from this study further
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confirms the photocatalytic characteristic of phosphorene. Given that PFOA is a persistent
contaminant, this research has thus provided another avenue for the treatment of
contaminated waters. This highlights the need for research into the scaleup of these dual
functional membranes that exhibit very high rejection and removal of perfluorooctanoic
acid.
Finally, SPEEK and phosphorene membranes antimicrobial properties were investigated
by applying an alternating electrical potential during the filtration of Serratia Marcescens.
The SPEEK membranes displayed an inhibition of bacterial growth by 56%, while the
phosphorene modified membranes showed a lower bacterial growth inhibition of 37%. The
SPEEK membranes were more negatively charged as compared to phosphorene
membranes; thus, it is likely that a combination of conductivity and charge repulsions,
enhanced its bacterial inhibition ability as compared to the phosphorene membranes.
Applying an alternating potential led to variations in the pH environment that created an
unconducive environment for the bacteria. Regardless of pH environment, the SPEEK
membranes were always more negatively charged.
Overall, phosphorene-based membranes open a new field for research in membrane science
since phosphorene nanoparticles synthesized were found to be stable within the membrane
structure. While not ideal to control microbial accumulation on surfaces via alternating
electric potentials, phosphorene membranes were found to provide membranes with a high
removal of accumulated organic fouling after filtration under UV irradiation.
8.2.

Recommendations

For future studies, here are some recommendations
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1. Understanding the reaction mechanism and identification of the byproducts of
membrane photocatalytic reaction studies utilizing phosphorene. Since this is a
novel study, no information is available on the exact reaction pathway for
degradation of compounds with phosphorene. This study showed that phosphorene
could lead to the breakdown of organic molecules, but it did not clarify whether
phosphorene also caused toxification. Hence, the possible byproducts that remain
as retentate on the membrane surface must be analyzed to prevent the creation of
toxic waste after photocatalysis. Future studies should be focused on accessing
reaction pathway, mechanisms and byproducts after membrane photocatalytic
processes involving phosphorene.
2. This dissertation addressed the stability of phosphorene, by applying a technique
that increased stability from seconds to seven days after incorporating within the
membrane. Since studies have shown that phosphorene can form heterostructures
with polymers that act as a shell to increase ambient stability of phosphorene, future
studies can investigate immobilizing phosphorene chemically with a reaction in the
polymer to permanently address stability.
3. In this study, microscopic studies showed that the quantity of phosphorene was
higher within the pores than on the surface. If phosphorene is to be used for its
conductive properties, the need to maximize the amount of phosphorene on the
surface of the membrane that encounters biofilm growth is paramount. Hence,
future studies can be directed towards developing a technique to ensure availability
of phosphorene on the membrane surface.
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4. The membranes created with phosphorene had an uneven pore size distribution.
This stemmed largely from the uneven size distribution of exfoliated phosphorene.
Future studies can be focused on preparation of evenly sized phosphorene
nanoparticles so that after immobilization into the membrane structure, it would not
create uneven pore sizes.
5. Finally, since phosphorene possesses electron mobility, these properties can also
be explored for electrodialysis applications. Future studies can be directed towards
the development of an ion exchange membrane with phosphorene where it can also
be applied towards the separation of ions to for product recovery.
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APPENDICES
APPENDIX 1 FILTRATION DATA
Table A1. The original filtration data in Chapter 4, SPEEK membranes under UV
irradiation. All the dead-end filtration experiments were performed at room temperature,
at pressure of 2.06 bar (30 psi).
Sample Number

Precompaction

Filtration

Reverse flow
filtration

1
2
3
4
5
6
7
8
9
10
Sample Number
1
2
3
4
5
6
7
8
9
10
Sample Number
1

Average
Flux
(LMH)
66.9728282
59.788142
54.9709953
53.1993498
49.4989555
45.2729418
43.7579603
39.6806609
37.4885982
37.1993245
Average
Flux
(LMH)
41.9396232
40.6000143
51.2098015
54.9409299
52.6135463
49.4747765
48.2204363
40.9143096
34.6678958
29.3602934
Average
Flux
(LMH)
16.794859
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STD (LMH)

x time (h)

19.96295653
12.8667915
3.966363629
0
4.495547336
9.748755176
11.89126254
16.94806576
17.99955938
17.75109451
STD (LMH)

0
0.048333333
0.075555556
0.103611111
0.133888889
0.167638889
0.203055556
0.244444444
0.289444444
0.334722222
x time (h)

30.08558602
30.94057709
46.30902043
35.71611182
37.33967156
34.12469508
29.22599784
18.89357436
17.62797608
16.9302706
STD (LMH)

0.382638889
0.434444444
0.48375
0.518194444
0.556111111
0.595694444
0.633611111
0.674444444
0.723888889
0.784861111
x time (h)

6.283104893 0.880416667

Table A2. The original filtration data in Chapter 4, phosphorene-modified membranes
under UV irradiation. All the dead-end filtration experiments were performed at room
temperature, at pressure of 2.06 bar (30 psi).
Sample Number
1
2
3
Precompaction

Filtration

Reverse flow
filtration

4
5
6
7
8
9
10
Sample Number
1
2
3
4
5
6
7
8
9
10
Sample Number
1

Average
Flux
(LMH)
107.351695
125.800428
118.47347

STD (LMH)

106.803644
103.837796
94.2738714
93.4133679
88.809611
84.336559
82.4578407
Average
Flux
(LMH)
68.1734561
59.1431034
51.9084387
48.4750136
47.3738665
44.2376248
42.0730677
39.0595985
36.3278517
30.6488946
Average
Flux
(LMH)
70.3904759

37.59769179
37.50315027
32.68347155
32.76165853
29.23385368
26.76056849
24.89316332
STD (LMH)

0.059166667
0.075277778
0.09287037
0.110648148
0.129074074
0.148333333
0.16787037
x time (h)

20.27655497
21.50329429
17.16831095
14.76735876
14.36981204
14.57500111
12.04398067
12.377492
8.512786355
2.709005148
STD (LMH)

0.191203704
0.218425926
0.249074074
0.281574074
0.314814815
0.350740741
0.387962963
0.428518519
0.471018519
0.503611111
x time (h)
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x time (h)

33.61023601 0
59.06267845 0.029166667
47.12550725 0.043611111

5.765594875 0.524907407

Table A3. The original filtration data in Chapter 5, SPEEK: PSf membranes. All the
dead-end filtration experiments were performed at room temperature, at pressure of 2.06
bar (30 psi).

Precompactio
n

Filtration

Reverse flow
filtration

Sample
Number
1
2
3
4
5

Average Flux
(LMH)
99.94102
94.0949
86.05697
81.64034
77.59902

STD (LMH)

x time(h)

12.85841
11.34695
6.277197
5.206395
3.46925

0
0.031111
0.048519
0.066852
0.086111

6
7
8
9
10
Sample
Number
1
2
3
4
5
6
7
8
9
10
Sample
Number
1

72.65624
65.61208
59.70345
53.48409
46.63067
Average Flux
(LMH)
36.5824
35.49819
33.6773
31.73728
30.56075
29.25273
28.0631
26.5296
24.97175
23.45838
Average Flux
(LMH)
65.45166

6.529657
2.936088
4.525441
5.9955
4.588451
STD (LMH)

0.106759
0.129537
0.15463
0.182778
0.215
x time(h)

2.448751
2.758371
2.159583
1.776616
1.190799
1.473096
1.105178
1.575024
3.002053
3.457348
STD (LMH)

0.255926
0.298148
0.342593
0.389722
0.438611
0.489722
0.542963
0.599352
0.659722
0.724259
x time (h)

9.647242

0.747407
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Table A4. The original filtration data in Chapter 5, phosphorene membranes. All the
dead-end filtration experiments were performed at room temperature, at pressure of 2.06
bar (30 psi).

Sample
Number
1
2
3
4
Precompaction 5
6
7
8
9
10
Sample
Number
1
2
3
4
Filtration
5
6
7
8
9
10
Sample
Number
Reverse flow
1
filtration

Average Flux
(LMH)
86.75923
67.60913
63.19583
52.2167
42.24353
37.46703
32.72821
31.02122
26.24509
23.73898
Average Flux
(LMH)
18.67638
17.59881
16.86802
16.20714
14.76954
13.62421
12.49385
11.66614
9.864438
8.627122
Average Flux
(LMH)
29.80389
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STD (LMH)

x time (h)

40.70708
33.25218
33.34713
20.35018
10.92602
10.76397
8.70575
9.51196
6.354734
3.619904
STD (LMH)

0
0.048796
0.076481
0.107963
0.144907
0.186759
0.234352
0.285185
0.344074
0.40787
x time (h)

7.708057
8.604127
8.606555
8.273278
8.365057
8.818117
8.942061
8.763281
7.217822
5.98042
STD (LMH)

0.499722
0.604352
0.715185
0.829722
0.957778
1.10537
1.282593
1.472593
1.697222
1.947593
x time (h)

14.39896

2.006019

Table A5. The original filtration data in Chapter 6, phosphorene membrane. All the deadend filtration experiments were performed at room temperature, at pressure of 2.06 bar
(30 psi).

Sample
Number
1
2
3
4
Precompaction 5
6
7
8
9
10
Sample
Number
1
2
3
4
Filtration 5
6
7
8
9
10
Sample
Number
Reverse flow 1
filtration

Average Flux
(LMH)
163.7423955
153.9889009
148.0769399
141.8842209
137.3961841
134.451834
132.4294158
131.6832801
129.8493406
130.2377173
Average Flux
(LMH)
123.4550382
119.813208
117.5976641
114.5335889
112.5901049
110.9584539
110.140034
108.2656931
107.6202547
105.9621011
Average Flux
(LMH)
117.4992066
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STD
55.84638
52.32174
50.47436
47.14102
43.9399
43.68452
43.16128
41.5555
39.71423
40.22008
STD
40.66458
40.96331
38.88534
36.28699
34.65417
32.96758
31.86595
31.55483
30.59819
29.38198
STD
79.29763995

x time
(h)
0
0.05164
0.079016
0.107404
0.136514
0.166346
0.196674
0.227004
0.257653
0.288248
x time
(h)
0.321036
0.355151
0.389755
0.425076
0.460888
0.497041
0.533319
0.570282
0.607334
0.644828
x time
(h)
0.707563

Table A6. The original filtration data in Chapter 6, normalized flux data. All the dead-end
filtration experiments were performed at room temperature, at pressure of 2.06 bar (30
psi).
Sample
Number
1
2
3
4
Precompaction
5
6
7
8
9
10
Sample
Number
1
2
3
4
Filtration
5
6
7
8
9
10
Sample
Number
Reverse flow filtration 1

Normalized
Average Flux
100
94.56028
91.35401
87.90841
85.51682
83.52505
82.17231
82.00485
80.99328
81.18019
Normalized
Average Flux
76.11469
73.47125
72.24781
70.55982
69.47906
68.66527
68.31122
67.09974
66.84399
65.95316
Normalized
Average Flux
64.39122
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STD
0
7.069928
10.60019
11.65367
12.4816
11.69994
10.95674
11.79139
11.49079
11.45057
STD
6.732981
4.874432
3.974038
3.454798
3.265807
3.963993
4.612404
4.388098
5.074843
5.561407
STD
1.622343

APPENDIX 2: DYNAMIC LIGHT SCATTERING DATA
TABLE B1: RAW DATA SHOWING PHOSPHORENE NANOPARTICLE
HYDRODYNAMIC SIZE

Measurement name

phosphorene in nmp

Measurement mode

Particle size

Comment

Results

Hydrodynamic diameter

1.871229178

Nm

Polydispersity index

28.01990354

%

Peak intensity 1

1.60917495

Nm

Peak intensity 2

596.508266

Nm

Peak intensity 3

Nm

Peak volume 1

0.706919181

Nm

Peak volume 2

Nm

Peak volume 3

Nm

Peak number 1

0.486446111

Nm

Peak number 2

Nm

Peak number 3

Nm

D10 volume

0.384520664

Nm

D50 volume

0.58175405

Nm
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D90 volume

1.085514525

Undersize span (D90-

1.204966018

Nm

D10)/D50

Automatic values

Input parameters

Processed runs

6

Intercept (g2-1)

0.163126711

Baseline

1.037007164

Mean intensity

170.6745791

Fit error

1.30709E-05

Diffusion coefficient

233.4102507

Filter optical density

0.499408871

Focus position

-0.004384041

Mm

Auto run criteria

228.60257

%

Transmittance

11.37604043

%

Angle used

BackScatter

Kcps

µm²/s

General
Measurement cell

Disposable

Measurement angle

Automatic

Target temperature

25

°C

Equilibration time

0:00:30

hh:mm:ss

Analysis model

General

164

Cumulant model

Advanced

Quality
Mode

Automatic

Max. number of runs

60

Measurement time

0:00:10

hh:mm:ss

Filter
Mode

Automatic

Optical density

0

Mm

Focus
Mode

Automatic

Position

0

Material
Name

phosphorene

Refractive index

3.4

Absorption

1.028

Solvent
Name

NMP

165

Mm

Additional

Refractive index

1.47

Viscosity

0.001

Pa.s

Measurement start

information
User

DBLab

Time

6/6/2018 17:11

Software version

1.8.4

Computer name

COE4287

Instrument
Type

Litesizer 500

Serial number

82230463

Module
Type

BM10

Serial number

82216535

TABLE B2: SIZE DISTRIBUTION FUNCTION FOR PHOSPHORENE NANO
PARTICLES
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Size
distributio
n function
Particle

Relative

Relative

Relative

Undersize Undersize Undersize

diameter

frequency

frequency

frequency

Intensity

Volume

Number

Intensity

Volume

Number

weighted

weighted

weighted

weighted

weighted

weighted

[nm]

[%]

[%]

[%]

[%]

[%]

[%]

0.209474

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.340553

0.088949

2.277703

8.90294278 0.088949

2.277703

8.902942

834

277

567

8

567

788

18
0.227146
672
0.246310
121
0.267090
313
0.289623
646
0.314058
025

277

167

0.369284

0.230733

4.635337

14.2098711 0.319682

6.913041

23.11281

989

371

882

2

449

391

0.400440

0.400507

6.312451

15.1767630 0.720190

13.22549

38.28957

074

794

431

6

288

697

0.434223

0.600944

7.430804

14.0116515 1.321134

20.65629

52.30122

589

535

956

4

784

85

0.470857

0.832333

8.074389

11.9408582 2.153468

28.73068

64.24208

283

03

868

6

77

676

0.510581

1.092532

8.314829

9.64387446 3.246000

37.04551

73.88596

614

894

703

6

741

123

0.553657

1.377110

8.222189

7.47924998 4.623111

45.26770

81.36521

326

704

798

4

721

121

0.600367

1.679630

7.867273

5.61263990 6.302742

53.13498

86.97785

163

854

827

5

103

112

0.651017

1.992065

7.319750

4.09554374 8.294808

60.45473

91.07339

72

908

773

8

181

487

0.705941

2.305290

6.644911

2.91592833 10.60009

67.09964

93.98932

461

401

618

3

342

32

0.765498

2.609621

5.900643

2.03076354 13.20972

73.00028

96.02008

896

927

278

7

67

675

0.830080

2.895373

5.135352

1.38612566 16.10509

78.13563

97.40621

952

767

33

9

903

241

648

442

977

007

901

605

459

367

877

07

446

168

0.900111

3.153384

4.387028

0.92869939 19.25847

82.52266

98.33491

535

505

358

8

739

181

0.976050

3.375492

3.683333

0.61153051 22.63397

86.20600

98.94644

317

598

575

9

097

233

1.058395

3.554928

3.042468

0.39616442 26.18890

89.24846

99.34260

747

449

073

6

904

676

1.147688

3.686603

2.474526

0.25270506 29.87550

91.72299

99.59531

33

193

712

9

575

183

1.244514

3.767281

1.983088

0.15883139 33.64278

93.70608

99.75414
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8

856

3

461

322

1.349508

3.795637

1.566834

0.09842144 37.43842

95.27291

99.85256

811

218

859

9

947

467

1.463361

3.772191

1.221043

0.06015478 41.21061

96.49396

99.91271

429

204

829

329

945

1.586819

3.699155

0.938884

0.03627633 44.90976

97.43284

99.94899

333

122

364

1

766

578

1.720692

3.580189

0.712457

0.02158950 48.48995

98.14530

99.97058

883

771

59

2

525

528

1.865860

3.420106

0.533587

0.01268124 51.91006

98.67889

99.98326

805

635

738

3

299

653

2.023275

3.224533

0.394379

0.00735094 55.13459

99.07327

99.99061

96

988

753

1

274

747

897

157

001

321

501

223

343

855

832

496

895

169

2.193971

2.999569

0.287577

596

994

406

2.379068

2.751442

0.206761

135

061

2.579780

0.00420393 58.13416

99.36085

99.99482

015

14

0.00237051 60.88561

99.56761

99.99719

328

3

147

191

2.486187

0.146426

0.00131663 63.37179

99.71403

99.99850

523

929

459

4

793

854

2.797426

2.209370

0.101974

0.00071913 65.58116

99.81601

99.99922

205

121

75

5

268

768

3.033433

1.925832

0.069653

0.00038524 67.50700

99.88566

99.99961

777

202

27

595

292

3.289352

1.639503

0.046461

0.00020153 69.14650

99.93212

99.99981

356

025

467

7

742

446

3.566861

1.353253

0.030045

0.00010221 70.49975

99.96217

99.99991

754

714

173

4

799

259

667

3.867783

1.068811

0.018589

4.95991E-

71.56856

99.98076

99.99996

501

018

459

05

901

205

627

4.194092

0.786729

0.010718

2.24282E-

72.35529

99.99148

99.99998

803

265

043

05

827

009

87

4.547931

0.506420

0.005403

8.8681E-06

72.86171

99.99688

99.99999

505

988

543

926

364

757

4.931622

0.226243

0.001890

2.43329E-

73.08796

99.99877

100

152

243

472

06

25

411

894

1

893

905

125

428

170

5.347683

0

0

0

232
5.798845

0

0

0

708
6.288070

0

0

0

943
6.818570

0

0

0

139
7.393825

0

0

0

414
8.017612

0

0

0

658
8.694026

0

0

0

316
9.427506

0

0

0

268
10.22286

0

0

0

697
11.08532

0

0

0

904
12.02055

0

0

0

356

171

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

100

100

100

100

100

100

100

100

100

100

100

13.03467

0

0

0

921
14.13436

0

0

0

255
15.32682

0

0

0

174
16.61988

0

0

0

39
18.02203

0

0

0

65
19.54248

0

0

0

307
21.19120

0

0

0

359
22.97902

24.91766

0

0

0

0

0

0

729
27.01987

0

0

0

042
29.29942

0

0

0

797

172

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

100

100

100

100

100

100

100

100

100

100

100

31.77130

0

0

0

259
34.45171

0

0

0

931
37.35827

0

0

0

198
40.51003

0

0

0

878
43.92770

0

0

0

745
47.63371

0

0

0

104
51.65237

0

0

0

521
56.01007

0

0

0

788
60.73542

0

0

0

236
65.85942

0

0

0

51
71.41571

0

0

0

93

173

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

100

100

100

100

100

100

100

100

100

100

100

77.44077

0

0

0

564
83.97414

0

0

0

169
91.05870

0

0

0

15
98.74095

0

0

0

706
107.0713

0

0

0

335
116.1045

0

0

0

103
125.8997

0

0

0

798
136.5214

0

0

0

367
148.0391

0

0

0

999
160.5286

0

0

0

704
174.0718

0

0

0

272

174

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

100

100

100

100

100

100

100

100

100

100

100

188.7575

0

0

0

656
204.6822

0

0

0

804
221.9504

0

0

0

993
240.6755

0

0

0

682
260.9803

0

0

0

956
282.9982

0

0

0

595
306.8736

0

0

0

818
2.8901E-15

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.08796

99.99877

25

411

73.22175

99.99877

404

48

332.7633

0.133791

6.89804E

772

533

-07

360.8372

0.921450

6.79771E

2.23368E-

74.14320

99.99878

819

052

-06

14

409

16

391.2796

1.580663

1.62773E

4.19482E-

75.72386

99.99879

687

269

-05

14

736

787

424.2903

2.104766

2.95177E

5.96605E-

77.82863

99.99882

57

718

-05

14

408

739

175

100

100

100

100

100

100

100

100

100

100

100

460.0860

2.490763

4.64695E

7.36621E-

80.31939

99.99887

24

276

-05

14

735

386

498.9016

2.739213

6.655E-

8.27365E-

83.05861

99.99894

27

154

05

14

051

041

540.9919

2.853981

8.8628E-

8.64156E-

85.91259

99.99902

461

965

05

14

247

904

586.6332

2.841873

0.000111

8.49333E-

88.75446

99.99914

557

842

067

14

631

011

636.1251

2.712182

0.000131

7.90368E-

91.46664

99.99927

386

375

784

14

869

189

689.7924

2.476194

0.000148

6.97428E-

93.94284

99.99942

521

087

273

14

278

016

747.9874

2.146677

0.000157

5.81134E-

96.08952

99.99957

605

361

531

14

014

769

811.0921

1.737385

0.000155

4.5095E-14

97.82690

99.99973

472

098

864

523

356

879.5207

1.262592

0.000138

3.14311E-

99.08949

99.99987

219

922

518

14

816

208

953.7223

0.736687

9.91104E

1.76379E-

99.82618

99.99997

395

668

-05

14

582

119

1034.184

0.173814

2.8814E-

4.02165E-

100

100

049

176

05

15

176

100

100

100

100

100

100

100

100

100

100

100

1121.433

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

988
1216.044
852
1318.637
654
1429.885
797
1550.519
498
1681.330
577
1823.177
66
1976.991
809
2143.782
638
2324.644
937
2520.765
859

177

2733.432

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

713
2964.041
412
3214.105
637
3485.266
772
3779.304
679
4098.149
38
4443.893
722
4818.807
12
5225.350
451
5666.192
204
6144.225
998

178

6662.589

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

576
7224.685
399
7834.202
982
8495.143
105
9211.844
082
9989.010
232
10831.74
276
11745.57
323
12736.49
989
13811.02
704
14976.20
772

179

16239.68

0

0

0

100

100

100

0

0

0

100

100

100

0

0

0

100

100

100

999
17609.76
716
19095.43
223
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TABLE B3: CORRELATION FUNCTION FOR PHOSPHORENE NANOPARTICLES
Correlation function
Cumulant fit
Delay time [s]

g2

Advanced

0.0000002

1.206321185

1.173913315

0.00000022

1.209364189

1.17192865

0.00000024

1.195513593

1.169972757

0.00000026

1.198396739

1.168045217

0.00000028

1.196870283

1.166145619

0.0000003

1.206521942

1.162428638

0.00000032

1.199548757

1.158818642

0.00000036

1.184803393

1.155312553

0.0000004

1.186436346

1.151907379

0.00000044

1.191904156

1.148600216

0.00000048

1.171469625

1.145388242

0.00000052

1.173321435

1.142268719

0.00000056

1.171492435

1.139238984

0.0000006

1.177696911

1.133438619

0.00000064

1.177043914

1.127967352

0.00000072

1.163847344

1.12280651

0.0000008

1.161220855

1.11793848
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0.00000088

1.161849156

1.11334665

0.00000096

1.151959358

1.109015348

0.00000104

1.151537931

1.104929792

0.00000112

1.141091156

1.101076041

0.0000012

1.145172887

1.094012087

0.00000128

1.135874541

1.087726974

0.00000144

1.132098161

1.08213483

0.0000016

1.125747335

1.077159251

0.00000176

1.122219767

1.072732258

0.00000192

1.113760513

1.068793366

0.00000208

1.115605284

1.065288758

0.00000224

1.105072081

1.062170554

0.0000024

1.111412292

1.056927637

0.00000256

1.104266573

1.052777108

0.00000288

1.092765356

1.049491362

0.0000032

1.093848609

1.046890218

0.00000352

1.088840108

1.044831035

0.00000384

1.083563194

1.043200893

0.00000416

1.083197027

1.041910399

0.00000448

1.075740811

1.040888786

0.0000048

1.070188488

1.039439784

0.00000512

1.064834807

1.038531691

182

0.00000576

1.061659564

1.037962588

0.0000064

1.059584676

1.03760593

0.00000704

1.059909185

1.037382412

0.00000768

1.056879227

1.037242333

0.00000832

1.056558977

1.037154545

0.00000896

1.04979572

1.037099528

0.0000096

1.045935683

0.00001024

1.046321003

0.00001152

1.047895242

0.0000128

1.043262443

0.00001408

1.04273225

0.00001536

1.044302109

0.00001664

1.042416311

0.00001792

1.039531865

0.0000192

1.04223864

0.00002048

1.039365666

0.00002304

1.038995134

0.0000256

1.038352093

0.00002816

1.038529289

0.00003072

1.039007193

0.00003328

1.037451153

0.00003584

1.037200087

183

0.0000384

1.036980957

0.00004096

1.036965256

0.00004608

1.037007164

0.0000512

1.037375316

0.00005632

1.037064193

0.00006144

1.035600223

0.00006656

1.035430777

0.00007168

1.034962964

0.0000768

1.036086652

0.00008192

1.036279653

0.00009216

1.035562632

0.0001024

1.036099967

0.00011264

1.035955338

0.00012288

1.034917654

0.00013312

1.036002628

0.00014336

1.035258381

0.0001536

1.034582551

0.00016384

1.03421401

0.00018432

1.034426195

0.0002048

1.034351381

0.00022528

1.033957762

0.00024576

1.034094043

184

0.00026624

1.033177357

0.00028672

1.033389635

0.0003072

1.033101124

0.00032768

1.033043846

0.00036864

1.032212524

0.0004096

1.031805208

0.00045056

1.031411942

0.00049152

1.031384395

0.00053248

1.031076382

0.00057344

1.030393488

0.0006144

1.030119588

0.00065536

1.029767091

0.00073728

1.029214559

0.0008192

1.0282962

0.00090112

1.027775361

0.00098304

1.027136947

0.00106496

1.026568559

0.00114688

1.026074896

0.0012288

1.025508847

0.00131072

1.025065633

0.00147456

1.024006941

0.0016384

1.023076688

185

0.00180224

1.022117781

0.00196608

1.02115268

0.00212992

1.020419392

0.00229376

1.019796666

0.0024576

1.019255385

0.00262144

1.018771998

0.00294912

1.017886201

0.0032768

1.017307832

0.00360448

1.016964489

0.00393216

1.016847874

0.00425984

1.017164296

0.00458752

1.017513989

0.0049152

1.017734576

0.00524288

1.018260466

0.00589824

1.019020485

0.0065536

1.019364021

0.00720896

1.019024696

0.00786432

1.018181034

0.00851968

1.016913903

0.00917504

1.015556681

0.0098304

1.014994405

0.01048576

1.015094836

186

0.01179648

1.016466047

0.0131072

1.017659964

0.01441792

1.01654622

0.01572864

1.014522685

0.01703936

1.01399959

0.01835008

1.015330547

0.0196608

1.016628033

0.02097152

1.015283937

0.02359296

1.0131762

0.0262144

1.014734941

0.02883584

1.012821923

0.03145728

1.012883282

0.03407872

1.01347299

0.03670016

1.011530472

0.0393216

1.013110543

0.04194304

1.01184907

0.04718592

1.011173014

0.0524288

1.010248705

0.05767168

1.009931069

0.06291456

1.009278104

0.06815744

1.008609211

0.07340032

1.00817805

187

0.0786432

1.007577929

0.08388608

1.006535894

0.09437184

1.005916021

0.1048576

1.005154706

0.11534336

1.004695901

0.12582912

1.004423385

0.13631488

1.003947376

0.14680064

1.00373616

0.1572864

1.00338268

0.16777216

1.002681759

0.18874368

1.001653405

0.2097152

1.000956589

0.23068672

0.999668545

0.25165824

0.998880429

0.27262976

0.998187529

0.29360128

0.997187922

0.3145728

0.996169777

0.33554432

0.995139662

0.37748736

0.993833279

0.4194304

0.993727961

0.46137344

0.993686452

0.50331648

0.993720132

188

0.54525952

0.993337338

0.58720256

0.993010422

0.6291456

0.993199739

0.67108864

0.993631312

0.75497472

0.993719915

0.8388608

0.992393812

0.92274688

0.989729661

1.00663296

0.988083174

1.09051904

0.985923765

1.17440512

0.985350337

1.2582912

0.984488033

1.34217728

0.983857124

1.50994944

0.983921263

1.6777216

0.98374037

1.84549376

0.980498645

2.01326592

0.978346388

2.18103808

0.974433656

2.34881024

0.971508459

2.5165824

0.969779574

2.68435456

0.970309648

3.01989888

0.968677797

3.3554432

0.97179397
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3.69098752

0.976957852

4.02653184

0.982252237

4.36207616

0.982633961

4.69762048

0.993853503

5.0331648

1.001228292

5.36870912

1.020870846

6.03979776

1.032090694

6.7108864

1.062751864

7.38197504

1.102285369

8.05306368

1.104529901
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TABLE B4: INTENSITY TRACE FOR PHOSPHORENE NANOPARTICLES
Intensity trace

Time

Intensity

[s]

[kcps]

0.1

266.42

0.2

133.63

0.3

130.01

0.4

119.34

0.5

112.7

0.6

118.77

0.7

116.53

0.8

124.06

0.9

163.11

1

143.45

1.1

136.88

1.2

126.91

1.3

134.43

1.4

125.93

1.5

116.24

1.6

114.43

1.7

116.25

191

1.8

116.23

1.9

117.91

2

114.66

2.1

116.27

2.2

117.69

2.3

112.94

2.4

115.75

2.5

114.93

2.6

117.69

2.7

117.47

2.8

119.36

2.9

117.85

3

120.83

3.1

115.41

3.2

114.12

3.3

114.25

3.4

116.03

3.5

112.71

3.6

114.51

3.7

117.26

3.8

118.23

3.9

115.09

192

4

112.42

4.1

114.78

4.2

115.11

4.3

112.38

4.4

112.39

4.5

115.21

4.6

114.54

4.7

113.54

4.8

114.45

4.9

113.81

5

113.91

5.1

111.19

5.2

114.09

5.3

111.83

5.4

110.49

5.5

114.02

5.6

112.93

5.7

111.73

5.8

115.85

5.9

111.68

6

111.12

6.1

113.09

193

6.2

112.57

6.3

110.75

6.4

113.01

6.5

113.16

6.6

113.59

6.7

115.63

6.8

113.2

6.9

113.36

7

115.75

7.1

113.64

7.2

114.64

7.3

113.33

7.4

113.18

7.5

114.04

7.6

113

7.7

114.61

7.8

116.8

7.9

113.77

8

114.76

8.1

113.48

8.2

116.57

8.3

117.32

194

8.4

116.7

8.5

114.8

8.6

116.87

8.7

113.98

8.8

116.91

8.9

113.81

9

116.79

9.1

112.84

9.2

117.52

9.3

115

9.4

113.4

9.5

113.9

9.6

111.57

9.7

113.14

9.8

112.13

9.9

111.3

10

173.79

10.1

248.52

10.2

230.42

10.3

232.39

10.4

173.82

10.5

188.04

195

10.6

163.54

10.7

200.02

10.8

186.58

10.9

152.52

11

184.56

11.1

178.75

11.2

193.48

11.3

212.31

11.4

179.89

11.5

147.08

11.6

176.23

11.7

209.93

11.8

210.62

11.9

215.8

12

220.1

12.1

200.8

12.2

170.08

12.3

171.04

12.4

186.41

12.5

180.46

12.6

178.72

12.7

192.14

196

12.8

208.16

12.9

212.74

13

209.96

13.1

188.57

13.2

174.97

13.3

175.66

13.4

175.52

13.5

177.99

13.6

167.93

13.7

162.9

13.8

170.97

13.9

178.17

14

184.12

14.1

180.99

14.2

178.1

14.3

162.41

14.4

150.95

14.5

137.81

14.6

140.25

14.7

159.06

14.8

169.23

14.9

184.2

197

15

197.73

15.1

187.33

15.2

166.4

15.3

158.78

15.4

164.89

15.5

180.14

15.6

204.1

15.7

185.19

15.8

194.5

15.9

175.13

16

178.48

16.1

187.67

16.2

175.68

16.3

180.11

16.4

169.25

16.5

170.58

16.6

163.58

16.7

163.58

16.8

159.66

16.9

167.36

17

158.59

17.1

170.2

198

17.2

174.53

17.3

176.58

17.4

178.46

17.5

194.55

17.6

192.59

17.7

192.47

17.8

197.97

17.9

194.76

18

200.31

18.1

204.96

18.2

189.58

18.3

189.9

18.4

167

18.5

157.73

18.6

160.39

18.7

171.57

18.8

190.42

18.9

224.36

19

223.55

19.1

216.07

19.2

215.01

19.3

197.84

199

19.4

198

19.5

200.96

19.6

217.6

19.7

214.43

19.8

207.21

19.9

203.68

20

193.74

20.1

205.15

20.2

207.2

20.3

194.78

20.4

205.04

20.5

188.07

20.6

207.64

20.7

222.59

20.8

228.77

20.9

224.44

21

220.4

21.1

221.35

21.2

217.36

21.3

206.14

21.4

217.71

21.5

213.8

200

21.6

204.14

21.7

194.16

21.8

201.95

21.9

207.59

22

219.19

22.1

211.74

22.2

202.8

22.3

208.51

22.4

200.43

22.5

208.75

22.6

212.59

22.7

213.8

22.8

206.48

22.9

205.41

23

200.35

23.1

212.18

23.2

215.61

23.3

226.62

23.4

213.75

23.5

232.69

23.6

207.81

23.7

229.14

201

23.8

218.88

23.9

200.85

24

181.41

24.1

170.57

24.2

186.29

24.3

173.42

24.4

166.58

24.5

166.62

24.6

200.05

24.7

192.08

24.8

188.33

24.9

169.47

25

157.02

25.1

230.32

25.2

258.4

25.3

254.18

25.4

267.55

25.5

218.43

25.6

196.09

25.7

190.31

25.8

160.95

25.9

149.43

202

26

148.1

26.1

163.44

26.2

153.19
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